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Chapter I 
General Introduction on the Saccadic System 
1.1 Properties of the saccadic sys-
tem 
The central part of the primate retina, 
known as the fovea, is densely packed with 
different types of photoreceptor cells, re-
sulting in high visual acuity. Photo-cell 
density and, consequently, visual acuity of 
the retina rapidly drop as a function of dis-
tance from the fovea. Therefore, when a 
foveate animal wants to identify a visual 
target, which it has detected in the periph-
eral visual field, it will direct the line of 
sight (defined as the line joining the en-
trance pupil to the object of regard (Car-
penter, 1988)) by means of a voluntary 
rapid eye movement, generally known as 
a saccade. 
This thesis is exclusively concerned with 
the generation of saccadic eye movements 
and the possible neural mechanisms that 
may underly them. There are several 
reasons why the oculomotor system, and 
specifically the saccadic system, is an in-
teresting subject for study from the physi-
cist's point of view: First, compared to the 
skeletal motor system, the oculomotor sys-
tem is relatively simple, easily accessible 
and therefore, one hopes, more comprehen-
sible. Since the eyeball sits approximately 
fixed in the eyesocket, it has only rota-
tional degrees of freedom about axes that 
all share the same centre of rotation. Thus, 
all the forces generated by the eye muscles 
and by friction with the surrounding tis-
sue, act on the surface of the globe and can 
be described by a simple set of equations. 
Second, as explained above, the function 
of the saccadic system is well-known: di-
recting the line of sight to a peripheral vi-
sual stimulus as fast as possible. Third, 
as will be explained below, saccades are 
known to have rather stereotyped dynami-
cal characteristics. These almost 'machine-
like1 properties make it an interesting sys-
tem for the development of models. 
Many parts of the brain are known to 
participate in the execution of saccadic 
eye movements (see Fig. 1). Two main 
pathways for saccade generation have been 
shown to exist: first, a cortical pathway 
(1), which incorporates the lateral genicu-
late nucleus in the thalamus and primary 
visual area 17. A second pathway (2) car-
ries signals directly from the retina to the 
superficial, visual, layers of the superior 
colliculus {SC), an important visuo-motor 
nucleus in the midbrain, which plays a cen-
tral role in this thesis (see Fig. 1). 
In the intermediate and deeper layers of 
the SC, many inputs from cortical areas 
[e.g. area 17 and frontal eye fields (FEFs)} 
as well as subcortical areas (e.g. substantia 
nigra pars reticulata in the basal ganglia) 
are known to converge and it is therefore 
thought to play a central role in saccade 
programming. There is a general feeling 
that the deeper layers of the SC may be 
part of the so-called final common pathway 
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Figure 1: The saccadic system. Two main pathways for saccade generation can be distigu-
ished: (1) a direct route carries signals from the retina to the superficial layers of the SC; (2) 
a cortical route, which involves the lateral geniculate nucleus and Area 17. (After: Wurtz RH, 
Scientific American, July, 1982). 
for all saccades. It is thus thought that all 
saccadic signals pass through the deeper 
layers in order to excite the saccade gener­
ating brainstem circuitry downstream (dis­
cussed more extensively below). 
It is known since Robinson's (1972) elec­
trical stimulation experiments that the 
deeper layers of the SC contain a topo­
graphically organized motor map of sac-
cade vectors. Cells in these layers are ac­
tive just prior to and during saccades that 
fall within a restricted amplitude and di­
rection range: the cell's movement field 
(Schiller and Stryker, 1972; Sparks and 
Mays, 1980). It has been demonstrated by 
Schiller and Stryker (1972) that saccades 
evoked by collicular electrical microstim­
ulation correspond, at least qualitatively, 
with the movement fields of nearby cells. 
Furthermore, the electrically-evoked sac-
cades have been reported to be insensi­
tive to changes in stimulation frequency, 
stimulus train duration or current inten­
sity (see, however, Chapter VII of this the­
sis). These findings contrast strongly with 
stimulation data obtained from the ab-
ducens nucleus, where lateral rectus oculo-
motoneurons for horizontal eye movements 
are found. In the abducens, parameters 
of electrical stimulation strongly affect the 
trajectory (both amplitude and velocity) of 
saccades (Schiller and Stryker, 1972). The 
general consensus, based on these experi­
mental findings, is that the deeper layers 
of the SC code for the metrical properties 
(i.e. amplitude, Л, and direction, Ф) of the 
saccade through the simultaneous recruit­
ment of a large population of movement 
cells (Mcllwain, 1976, 1982; Sparks et al., 
1976) and that the dynamical properties of 
the saccade, specifying both saccade met­
rics as well as its detailed time course, are 
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determined downstream. The SC can be 
regarded as the interface for this spatio-
temporal transformation of signals. 
1.2 Nonlinearities in the saccadic 
system 
There are several ways of studying the sac-
cadic system. One approach is to look at 
the system as a black-box and to study 
its input- (step-displacement of a visual 
stimulus) output- (saccadic eye movement) 
relations. Such an approach has led to 
the observation, first made by Westheimer 
(1954), that the saccadic system is non-
linear. This fact is apparent in differ-
ent ways: When the system is confronted 
with a stimulus jump to the periphery, fol-
lowed rapidly (within 100 msec) by a re-
turn of the stimulus to the central fixa-
tion position (a 'pulse' stimulus), it turns 
out that the eye sometimes stays for hun-
dreds of milliseconds at the peripheral po-
sition reached after the first saccade, or 
may not jump at all. Of course, such be-
haviour is not expected from a linear sys-
tem, which would have generated closely 
spaced and oppositely directed saccades. 
Moreover, it is widely known that there is 
a rather stereotyped relation, for visually-
elicited saccades, between their duration 
(D) and amplitude (R), roughly described 
by a straight line having a slope of about 
2 msec/deg, and between amplitude and 
maximum velocity (Vmax), which has a 
clear saturating characteristic. These rela-
tions are commonly referred to as the main 
sequence relations for saccades (Bahill et 
al., 1975). If the saccadic system were lin-
ear in its dynamical behaviour, saccade du-
ration would be independent of amplitude 
and maximum velocity would increase lin-
early as a function of amplitude (see Chap-
ters II and III of this thesis). 
In a recent study (Van Opstal and Van 
Gisbergen, 1987), we noted that the main-
sequence relations cannot account for all 
aspects of saccade dynamics, since some-
times saccades can be exceedingly slow, 
e.g. due to fatigue or to drowsiness caused 
by certain drugs. It appeared from our 
study, however, that the shape of the sac-
cadic velocity profile, characterized by its 
skewness, retained a stereotyped, approxi-
mately straight-line, relation with saccade 
duration also for the very slow saccades. 
We have argued in our paper that existing 
models of the saccadic system (see below) 
do not account for the existence of such a 
relationship. The results of this study are 
described in Chapter II of this thesis. 
There are several reasons to assume that 
the predominant part of the nonlinearities, 
known from black-box studies, have a neu-
ral origin, rather than a mechanical cause, 
such as e.g. a nonlinearity in the proper-
ties of eye muscles (referred to as the ocu-
lomotor plant). One of these nonlineari-
ties concerns the length-tension relation-
ship. It has long been known that the 
length-tension curve of a given eye-muscle, 
relating the force a given eye muscle exerts 
as a function of eye position, is nonlinear. 
However, the same type of nonlinearity ex-
ists for the antagonist muscle which always 
acts in synergy with the agonist muscle, 
in such a way that the predominant eye-
position related nonlinearities of the eye 
muscles cancel. 
In order to establish whether the dynam-
ical nonlinearities, described above, are in-
deed due to a neural mechanism (referred 
to as the neural control signal)., it is nec-
essary to look at the properties of oculo-
motoneurons during the execution of sac-
cades. From such electrophysiological ex-
periments (see e.g. Fuchs and Luschei, 
1970) it has become known that just prior 
to and during saccades, the oculomotoneu-
ron signal rises steeply from a base level to 
a high maximal firing rate (the pulse) and 
then falls off rather gradually to a level, 
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higher than the рге-saccadic base level of 
activity whereafter it can stay at the new 
level for several hundreds of milliseconds 
(the step). This type of controller signal 
has become known in the literature as the 
pulse-step control signal for saccades. 
Mechanical studies of the oculomotor 
plant, first carried out by Robinson (1964), 
had already indicated that the oculomo­
tor plant is a highly overdamped system 
(described by a fourth-order linear model) 
which requires a pulse-step innervation 
control signal in order to generate a rapid 
eye movement. The pulse signal, is needed 
to overcome the sluggishness of the over-
damped plant, whereas the step signal 
counteracts the passive spring-like proper­
ties of the muscles (Hooke forces) in order 
to keep the eye in its new position. 
Close inspection of the pulse-step con­
trol signal reveals that pulse duration in­
creases roughly linearly with saccade du­
ration, whereas pulse-height saturates as 
a function of saccade amplitude. There­
fore, the main-sequence nonlinearities de­
scribed earlier, are already found at the 
level of the neural control signal and are 
not due to plant nonlinearities only. In 
Chapter III we have described the con­
sequences of a widely-used, second-order, 
overdamped, linear model of the oculomo­
tor plant for the characteristics of the neu­
ral control signal by applying a Fourier de-
convolution technique (Van Opstal et al., 
1985). In this study we have found that 
such a model necessitates the occurrence 
of an antagonist braking signal, in order to 
explain the existence of short-duration sac-
cades (i.e. shorter than the duration of the 
impulse response of the plant). More elab­
orate, but still linear, models of the oculo­
motor plant, which account for more sub­
tle phenomena observed in the innervation 
signal, have been proposed recently (Gold­
stein, 1983; Optican and Miles, 1985). 
Up till recently, most models of the 
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saccadic system were primarily concerned 
with the dynamics of the saccade. As we 
have just seen, the dynamical properties of 
saccades (duration, maximum velocity and 
probably also skewness) have a predomi­
nantly neural origin. The pulse-step in­
nervation signal, reflected in the behaviour 
of oculomotoneurons during saccades, is 
thought to be a composite signal of a burst 
(the pulse) and a tonic signal (the step), 
both derived from a burst signal generated 
by the so-called medium-lead burst cells 
(MLBs), found in the paramedian pon­
tine reticular formation in the brainstem. 
These cells burst intensely during saccades 
and are silent in between saccade genera­
tion. Their activity is approximately pro­
portional to eye velocity. It is thought 
that the step-part of the oculomotoneuron 
signal is derived from the MLB burst by 
integration (see Robinson, 1975, for a re­
view). Recently, electrophysiological evi­
dence has been provided for the existence 
of the oculomotor neural integrator which 
has been found to reside in the region of 
the nucleus prepositus hypoglossi and the 
vestibular nuclei (Cannon and Robinson, 
1985; Cheron et al., 1986). The MLBs 
also project directly onto the oculomo­
toneurons, thereby adding the pulse to the 
step signal. Two quantitative models of 
the saccade burst generator, which pro­
vide an explanation for the moment-to-
moment trajectory of saccades, the Robin­
son model and the Scudder model, will 
now be briefly described. Both models are 
strongly guided by neuroanatomical and 
electrophysiological findings obtained from 
saccade-related cells in the monkey brain­
stem (see above). 
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Figure 2: Two-dimensional generalization of the Robinson model. Open arrow heads represent 
excitatory signals; filled arrow heads denote inhibitory signals. Neural signals are denoted in 
small print; coordinate systems (Я, horizontal; V, vertical and VEC, vectorial) are indicated 
by indices in large print. The scheme emphasizes the functional principles behind the model at 
an abstract level; inhibitory interneurons have been left out. For further explanation: see text. 
1.3 Models of the Saccade Burst 
Generator 
1.3.1 The Robinson model 
A model that has long been unsurpassed 
in its explanatory power is the scheme pro­
posed by Robinson (1975; see also Van Gis­
bergen et al., 1981). In Fig. 2 the model, 
presented in schematized form, has been 
extended to two dimensions in order to in­
clude both horizontal and vertical burst 
generators. Input to the Robinson model is 
a desired eye position signal, coded in head 
coordinates, depvECi which provides the 
appropriately scaled input signals, by vec­
tor decomposition, for the horizontal and 
vertical subsystems, depn and dep
v
, re­
spectively. The model does not specify 
the origin of these signals, but assumes 
that they are generated by adding a neu­
ral representation of current eye position 
(e.g. such as found in the neural integra­
tor) to a retinal error signal at an earlier 
stage of saccade programming. Since it is 
assumed that both burst generators act in­
dependently, we will, for ease of descrip­
tion, proceed with describing the horizon­
tal burst generator only. Below, we will 
discuss the consequences of an independent 
arrangement of the two burst generators. 
Motor error as a function of time, 
тпец(і), defined as the difference between 
depfj and the neural estimate of current 
horizontal eye position (H position loop in 
Fig. 2; see below), is thought to drive 
the horizontal M LB s (designated HPG 
in Fig. 2). These cells normally are un­
der constant, strong inhibition from omni-
pause neurons (indicated by GATE in Fig. 
2). In order to get the saccade generator 
started, the BIAS signal, which causes the 
steady firing rate of the omnipause neu-
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rons during fixations, first needs to be over­
ruled by an external trigger signal. Once 
the MLBs start firing they, in turn, ex­
ert a strong inhibition on the omnipause 
neurons. The output of the MLBs is the 
saccadic burst signal, which is proportional 
to current horizontal eye velocity [et'#(<)j. 
The input 'output relation of the MLBs 
is assumed, in the Robinson model, to be 
a saturating nonlinearity which accounts 
for the nonlinear main sequence relations 
(see above). The burst signal is subse­
quently integrated by the neural integra­
tor (HHOLD). The output of this neu­
ral integrator is the internal representation 
of current eye position (a so-called 'corol­
lary discharge' or 'efFerence copy' signal), 
which is fed back in order to create the 
instantaneous motor error signal defined 
above. Both the integrated burst signal of 
the MLBs as well as a scaled version of the 
burst converge on the oculomotoneurons 
giving rise to the pulse-step of innervation 
of the horizontal agonist muscles (symbol­
ized by summation, Σ). The eye-ball/eye-
muscle system is generally modelled as a 
second-order linear filter of this pulse-step 
innervation (see above). The saccade stops 
automatically as soon as motor error falls 
below a critical level, no longer sufficient 
for the MLBs to inhibit the omnipause 
neurons. 
This arrangement of independent hor­
izontal and vertical burst generators is 
the simplest two-dimensional extension of 
the originally one-dimensional Robinson 
scheme. A consequence of this so-called 
independent model is that the dynamics of 
the horizontal and vertical velocity com­
ponents of oblique saccades do not de­
pend on saccade direction. However, sev­
eral recent studies (Van Gisbergen et al., 
1985; King et al., 1986) have made clear 
that such an independent scheme is no 
longer tenable, because there appears a 
strong crosscouphng between the two com­
ponents. The result of this crosscoupling is 
that the smaller component is stretched in 
time so as to approximate the duration of 
the larger component and to yield roughly 
straight oblique saccade trajectories. In or­
der to overcome the problems of the in­
dependent scheme (see above), Grossman 
and Robinson (1988) have proposed an al­
ternative model, which retains the notion 
of two, separate, burst generators but al­
lows for mutual intractions between them. 
The interaction is such that activity in, say 
the horizontal channel, lowers the gain of 
the vertical pulse generator and vice versa. 
The authors show that such a model can 
generate a variety of saccade trajectories, 
dependent upon the strength of the cou­
pling constants, and that it has also com­
ponent stretching. 
The presence of an internal feedback 
loop in the saccadic system is now a gen­
erally accepted concept which is supported 
by several lines of experimental evidence. 
However, the precise nature of this feed­
back loop is still a matter of debate. In a 
recent paper, Scudder (1988) argues that, 
instead of carrying an eye position signal, 
the feedback loop may carry an eye veloc­
ity signal, derived directly from the MLBs 
(Fig. 3). The differences between the 
Robinson model and the Scudder model, 
as far as relevant for the context of this 
thesis, will now be briefly described. 
1.3.2 The Scudder model 
In the decade following the proposal of 
Robinson's (1975) scheme, several exper­
imental findings have necessitated revision 
and/or extension of the model. For ex­
ample, the Robinson model (see above) is 
incomplete in the sense that no role has 
been assigned to the deeper layers of the 
SC (Discussed extensively in Chapters IV, 
V, VI, VII and VIIIoí this thesis). For the 
Robinson model this is indeed a problem, 
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Figure 3: Basic idea behind Scudder's two-dimensional model. The scheme is intended to 
illustrate differences and similarities with Robinson's model (Fig. 2). The same conventions 
and abbreviations apply. For further explanation: see text. 
since, as explained above, the input for this 
model is an eye-position signal which is ex­
pressed in a head-coordinate system. How­
ever, the activity recorded from collicular 
movement cells rather suggests that these 
cells code a desired displacement of the eye 
and therefore a motor error signal, coded 
in retinocentric coordinates. In addition, 
the Robinson model cannot account read­
ily for the observed crosscoupling between 
the horizontal and vertical components of 
oblique saccades (see above). 
Role for the Superior Colliculus 
In his model Scudder has incorporated the 
deeper layers of the SC and, in addition, 
has assigned a role for long-lead burst neu­
rons (LLBs), which are generally supposed 
to be intercalated between the SC and the 
MLBs (Hepp and Henn, 1983). The Scud­
der model is represented schematically in 
Fig. 3. The desired displacement vec­
tor, smevEC, is represented in the deeper 
layers of the S C This collicular signal 
is distributed to the horizontal and verti­
cal LLB populations. In his model, Scud­
der (1988) has also incorporated the notion 
(described in more detail below, in section 
1.4) that the efferent output of the collicu­
lus is topographically weighted: cells as­
sociated with large saccades have stronger 
synaptic connections with the LLBs than 
cells recruited for small saccades (indicated 
by arrow-head size in Fig. 3). The out­
put of the LLBs {H-INT in Fig. 3) 
is assumed to be the difference between 
the weighted and integrated collicular out­
puts and a neural replica of integrated in­
stantaneous eye velocity, derived from the 
medium-lead burst neurons (Я and V ve­
locity loops in Fig. 3). Scudder (1988) has 
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argued that, although this difference sig-
nal has the status of a position signal, it 
is not an instantaneous motor error signal 
in the sense pioposed by Robinson (1975, 
see above). Instead, according to Scudder, 
it must be interpreted as the integrated 
difference between the weighted number 
of spikes from the motor colliculus, repre-
senting the desired displacement, and the 
number of spikes already given off by the 
MLBs (representing actual displacement). 
Although the output of the colliculus, in 
the model, must have the dimension of ve-
locity (since integration yields a position 
signal), the colliculus does not code instan-
taneous eye velocity because its influence 
on saccade velocity is rather indirect. As 
we will see in Chapters VII and VIII oi this 
thesis, this question has become important 
in recent years because there is accumu-
lating evidence for the hypothesis that the 
motor colliculus can influence saccade dy-
namics. The precise nature of this influ-
ence, however, is still obscure. 
Different Approach to the Dynamical Non-
lineantics 
A second difference with the Robinson 
model is, that the burst-generating neu-
rons specified in the Scudder model are 
assumed to be linear (see below). The 
LLB output serves as an input for linear 
MLBs which are, in the Scudder model, 
under only a weak inhibition from omni-
pause neurons. Omnipause neurons also 
receive a weak inhibitory trigger signal 
from the motor colliculus. As soon as the 
LLB and SC outputs are sufficient to over-
come the weak inhibition from the pause 
cells {BIAS), the MLBs start discharging. 
The main-sequence nonlinearity of the sac-
cadic system (see above) is, in the Scudder 
model, entirely due to the pause-cell/MXi? 
gating mechanism and is not a property of 
the MLBs. 
To illustrate this point, suppose that a 
small saccade is generated. The collicu-
lar signal can then charge the LLBs with-
out reaching the threshold for saccade ini-
tiation. The pause cell disinhibition must 
be achieved by an additional trigger sig-
nal. As a result, the MLB burst reaches 
its maximum firing rate immediately after 
the trigger and then falls off rapidly, yield-
ing a short-duration eye movement. 
When a large saccade is programmed, how-
ever, charging of the LLBs by the SC 
may still continue while the saccade is al-
ready in progress. This leads to a less-
than-maximally intense MLB burst which, 
as a consequence of the feedback, lasts 
longer. Hence, maximum velocity will in-
crease less-than-linearly and saccade dura-
tion increases with amplitude. 
The model can still explain the tight rela-
tion that exists between instantaneous mo-
tor error and MLB firing rate, observed by 
Van Gisbergen et al. (1981). 
Component Crosscoupling 
In the Scudder model, horizontal and verti-
cal MLBs are recruited simultaneously, as 
soon as one of the integrating LLB popula-
tions overcomes the weak pause cell inhibi-
tion. Since, in addition, the MLB cells are 
assumed to be linear (see above), the Scud-
der model predicts that horizontal and ver-
tical component velocity profiles of oblique 
saccades are scaled versions of each other. 
This means that the model provides, in 
principle, an explanation for component 
crosscoupling (see above; Van Gisbergen 
et al., 1985; Scudder, 1988). When the 
MLBs are allowed to have a slight non-
linearity, characterized by soft saturation 
for large amplitudes, the model can also 
generate slightly curved saccade trajecto-
ries which are generally observed in large 
human saccades. 
Although the Scudder model does assign 
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an explicit role to the deeper layers of the 
SC, it does not specify in detail, how the 
contribution of each collicular movement 
cell to the saccade is determined. This 
question becomes especially relevant when 
it is realized that for the execution of a sin-
gle saccade a large population of movement 
cells in the deeper layers is simultaneously 
active (see Chapters IV, V, VII and VIH 
and below). As has been discussed above, 
the Scudder model sums collicular activa-
tion in a linear way at the LLB integra-
tors, and can therefore not account for the 
averaging effects found by electrical dou-
ble stimulation (see Chapters V and VIII 
of this thesis and below). Nevertheless, de-
spite of these problems, the Scudder model 
provides a comprehensive and attractive 
description of a vast amount of neurophys-
iological and anatomical data, that cannot 
be readily explained by earlier models of 
the saccade burst generator and may sug-
gest new experiments. 
1.4 Models of the Superior Col-
hculus 
Since collicular movement fields can be 
quite large, increasing in size with optimal 
saccade amplitude, it has long been recog-
nized that for the execution of a given sac-
cade, a large population of collicular move-
ment cells is simultaneously active (Sparks 
et al., 1976: Mcllwain, 1976). Sparks et 
al. (1976) and Mcllwain (1976, 1982), pro-
posed that each recruited movement cell 
of the deeper layers contributes to the sac-
cade by generating a small vector contribu-
tion. The total desired displacement vector 
of the saccade would then be determined 
by summing all these individual cell con-
tributions at the collicular output stage. 
For example, Mcllwain (1982) proposed 
that cells at the caudal edge of the collic-
ular motor map, associated with large am-
plitude saccades, generate larger contribu-
tions than more rostral cells which are re-
cruited for small saccadic eye movements. 
Thus, shifting the population activity over 
the collicular motor map would then gen-
erate saccades of various amplitudes and 
directions. This qualitative idea has re-
cently been formalized in a quantitative, 
mathematical model by Van Gisbergen et 
al. (1987) (see also Chapters IV and V oí 
this thesis, for a more extensive review). 
Recently, Lee et al. (1988) have provided 
convincing evidence that saccades are in-
deed represented in the colliculus by a large 
population of cells. By inducing small, re-
versible, chemical lesions in the deeper lay-
ers, they showed that the monkey could 
still make normometric saccades directed 
to the external world point of the inacti-
vated region. Such behaviour is not ex-
pected if saccade metrics are determined 
by just a very small fraction of the active 
population. In addition, when the mon-
key is required to make saccades to differ-
ent target positions under these conditions, 
the resulting eye movements appear to be 
directed away from the lesioned area. 
The so-called linear ensemble-coding 
model (Van Gisbergen et al., 1987) con-
sists of three consecutive stages, denoted 
as the afferent mapping stage, the popula-
tion activity profile and the efferent map-
ping stage, respectively (see Fig. 3). In 
the afferent mapping stage, the position of 
the target is mapped from retinal coordi-
nates to collicular coordinates by means 
of the afferent mapping function. It has 
been shown by Ottes et al. (1986), that 
the afferent map, described by a complex-
logarithmic function, is nonhomogeneous 
and slightly anisotropic. Nonhomogeneity 
entails that a relatively large area of the 
motor map is dedicated to the coding of 
small saccadic eye movements. Amsotropy 
refers to the fact that the directional repre-
sentation of saccades is slightly expanded 
when compared to the amplitude represen-
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Figure 4: Schematic representation of the 
linear ensemble coding model as discussed in 
the text. The afferent mapping stage relates 
the position of a retinal stimulus to the site 
of maximum activation in the motor collicu-
lus. The population activity profile that arises 
is described by a two-dimensional, rotation-
symmetrical Gaussian. The efferent mapping 
stage denotes how each recruited cell con­
tributes to the saccade through its activity 
and through proper connections with the hor­
izontal and vertical premotor systems. All cell 
contributions are subsequently summed vecto-
rially. 
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By making use of the inverse of the 
efferent mapping function, experimental 
data of movement cell recordings can be 
remapped in collicular coordinates. Ottes 
et al. (1986) found, by applying this 
method, that the population activity func­
tion, can be approximated by a two-
dimensional, circular-symmetrical Gaus­
sian. In addition, these authors provided 
evidence that the population activity pro­
file is roughly translation-invariant all over 
the collicular motor map. This implies 
that, if we assume a homogeneous distribu­
tion of cells in the deeper layers, for every 
saccade approximately the same number of 
cells is recruited. 
The efferent mapping stage determines 
the contribution of each recruited move­
ment cell to the saccade. In the linear 
ensemble-coding model (Van Gisbergen et 
al., 1987; Chapter IV) the contribution of 
each cell is specified as follows: 
First, the direction of the vector contribu­
tion is determined solely by the location of 
the cell within the motor map via appropri­
ate relative connection strengths with the 
horizontal and vertical oculomotor systems 
downstream. It corresponds with the di­
rection of the external world point speci­
fied by the afferent map for that location. 
Second, its amplitude is determined by two 
factors: the mean firing rate of the cell 
and its location in the map, which de­
termines the absolute value of the con­
nection strengths. In line with the ideas 
proposed by Mcllwain (1976, 1982) and 
Sparks et al. (1976) (see above), cau­
dal cells yield large contributions because 
they have strong synaptic connections with 
the motor system downstream. Rostral 
cells have very weak connection strengths. 
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These strengths are quantitied by the effer-
ent mapping function, which is the inverse 
of the afferent mapping function. 
Finally, all contributions are summed vec-
torially in order to yield the metrics of the 
total saccade. 
In a behavioural study, performed with 
human subjects, we have studied the prop-
erties of saccade-endpoint vaiiability and 
investigated to what extent this variability 
could be explained by properties of the col-
licular afferent mapping stage (see Chap-
ter VI). In particular we wondered whether 
the nonhomogeneity and anisotropy of the 
motor map could underly the observed 
phenomenon that, in all subjects, saccade 
scatter along the amplitude (Ä)-dimeiision 
was consistently larger than along the di-
rection («ï^-dimension. We have also in-
vestigated the scatter of saccade endpoints 
in the monkey, by applying repeated elec-
trical stimulation in the deeper layers of 
the SC, keeping all stimulation parameters 
constant (see Chapter VII). Both the be-
havioural and the electrophysiological ex-
periments indicate that saccade amplitude 
and direction are, to some extent, deter-
mined independently. The data can be 
explained by allowing noisy variations in 
both the location of the activity profile and 
the firing rate of the neurons. 
Simulations have shown that the lin-
ear ensemble-coding model can generate 
saccades that are normometric in all di-
rections and over a considerable ampli-
tude range (about 55 deg; see Van Gisber-
gen et al., 1987 and Chapter IV). More-
over, the model can simulate Robinson's 
(1972) electrical stimulation data quite sat-
isfactorily. However, because of its over-
all linear nature, the model fails to ac-
count for at least two nonlinear phenom-
ena known from electrical stimulation ex-
periments: first, there appears to be a sat-
urating relation between applied current 
strength and resulting saccade amplitude 
(Sparks and Mays, 1983: extensively stud-
ied in Chapters V and VII), and, secondly, 
two electrical stimuli applied simultane-
ously in the deeper layers at different sites, 
do not produce the linear vector summa-
tion of the the individual stimulation ef-
fects. but rather a weighted average effect, 
the outcome of which is determined by the 
relative current strengths of the stimula-
tion electrodes (see Chapters V and VIII). 
In order to explain these phenomena 
by an ensemble coding scheme, a nonlin-
ear mechanism needs to be incorporated. 
Two possibilities for assuming a nonlinear-
ity emerge: 
(1) instead of linear weighting of fir-
ing rates, as in the linear ensemble-coding 
model, the mean firing rate of cells could be 
scaled down, dependent on the total level 
of activation of the motor colliculus. The 
nonlinearity is then assumed to be located 
within the colliculus itself. In Chapter V 
we have explored the possibilities of such 
a scheme by allowing lateral inhibitory in-
teractions within the deeper layers. A cell 
that is activated, inhibits all other collic-
ular cells by a strength that depends on 
the cell's activity. Furthermore, the in-
put/output characteristic of the neurons 
is a saturating nonlinearity with one-sided 
rectification. We have shown (see Chap-
ter V) that such a scheme can account, 
at least qualitatively, for the two nonlin-
ear phenomena mentioned above. 
(2) Instead of fixed efferent connection 
strengths with the premotor system down-
stream, as is assumed above, the efferent 
mapping may depend on the total level 
of activity in the motor colliculus. The 
nonlinearity is then assumed to be located 
downstream of the motor colliculus. For 
example, Lee et al. (1988) argue that their 
data support an ensemble-coding scheme 
that computes the centre-of-gravity of the 
population activity profile. Hence, accord-
ing to this scheme, saccade metrics are not 
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determined by linear addition of individual 
movement cell contributions, but are the 
result of a downstream mechanism. With 
such a conceptual scheme, the averaging 
effect, observed by double stimulation ex­
periments (see above), can be readily un­
derstood, but it is hard to see how such 
a scheme can explain the saturat ing rela­
tion between saccade ampli tude and cur­
rent s trength (Sparks and Mays, 1983). 
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Skewness of Saccadic Velocity Profiles: a Unifyin 
Parameter for Normal and Slow Saccades 
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Abstract 
It has become customary to make use of so-called main sequence plots to char-
acterize the dynamic properties of saccades However, such a description does not 
account for the fact that the ratio between the accelerating and the decelerating 
fraction of the eye movement is not constant for all saccades In this paper we in-
troduce a new parameter, skewness, that characterizes this much neglected aspect 
of the saccade velocity profile Human saccade data in this report demonstrate a 
clear relation between saccade duration (D) and skewness (S) When saccadic eye 
movements become extremely slow, due to fatigue or diazepam, the mam sequence 
relation breaks down, while the S - D relation still holds Despite large differences 
in amplitude, saccades of a fixed duration appear to have the same shape of velocity 
profile A unifying equation relating the saccade parameters amplitude, maximum 
velocity and skewness, which is valid for both normal and slow saccades, is pro-
posed 
Key words: saccades, main sequence, velocity profile, skewness, diazepam 
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1 Introduction 
It is a well-documented fact that normal 
saccades in both man (Westheimer, 1954; 
Yarbus, 1956; Mackensen, 1958; Robin­
son, 1964) and monkey (Fuchs, 1967) obey 
rather stereotyped amplitude (Л) versus 
duration (D) and amplitude versus max­
imum eye velocity (Vmax) relations. In 
the literature these relations are known as 
the 'main sequence' for saccades (Bahill et 
al., 1975). The typical R - D relation in 
man can be described by a straight line 
over a wide range of saccade amplitudes, 
while the R — V
max
 relation shows soft sat­
uration for amplitudes beyond 20 deg. In 
both clinical and pure scientific work it has 
become customary to quantify the dynamic 
behaviour of saccades in this way. In the 
clinical setting the main sequence is used as 
a standard for the definition of pathological 
conditions in the saccadic system and thus 
has become a diagnostic tool of consider­
able importance. At a more fundamen­
tal level, the main sequence relations have 
called attention to the fact that the sac­
cadic system as a whole is nonlinear (Wes-
theimer, 1954; Robinson, 1964), a property 
which constitutes an interesting challenge 
for explanation from the modelling point 
of view. In Robinson's internal feedback 
model (Robinson, 1975; Zee and Robinson, 
1979; Van Gisbergen et al., 1981), the main 
sequence relations reflect a single nonlin-
earity, embodied by so called medium lead 
burst cells. Although the main sequence 
is a readily applicable tool for character­
izing dynamic properties (D and Vmax) 
of normal saccades, with widespread clini­
cal applications, one should be aware that 
it cannot pro vide a complete description 
of saccade dynamics. An important aspect 
which is not covered by such a reduced de­
scription based on only 3 parameters, con­
cerns the shape of the saccade velocity pro­
file (sec Fig. 1). It has noticed in the liter­
ature that the accelerating phase {D
a
) of 
the eye movement in man has a roughly 
constant duration for all amplitudes, while 
the decelerating portion of the movement 
(D¿) is prolonged when saccade amplitude 
increases (Hyde, 1959; Baloh et al., 1975). 
This means that saccades of different am-
plitudes have differently shaped velocity 
profiles. Small saccades appear to have a 
rather symmetrical profile, while in large 
saccades the velocity profile has a more 
skewed appearance. Since its discovery, 
this phenomenon has received little further 
attention and has never been accounted for 
in models of the saccadic system. 
In the present paper we propose a new, 
objective method for characterizing the 
shape of the saccade velocity profile, based 
on a mathematical function fit to the entire 
velocity profile. Our data show a positive 
correlation between saccade amplitude and 
a shape parameter of the velocity profile, 
skewness, obtained by the curve fitting pro-
cedure. However, further analysis of the 
data has revealed that skewness (5) shows 
a significantly better correlation with sac-
cade duration than with amplitude. 
A second feature of the saccadic sys-
tem that deserves more attention than it 
has received so far, is the occasional oc-
currence of abnormally slow saccadic eye 
movements. These movements, which do 
not obey the main sequence, are often re-
garded as nontypical and excluded from 
further analysis. Yet, under certain exper-
imental conditions, normal main-sequence 
saccades are the exception rather than the 
rule. For example, slow saccadic eye move-
ments occur rather systematically when 
subjects are required to make saccades to 
nonvisual targets (Smit et al., 1986) and af-
ter the application of certain centrally act-
ing drugs (AschofF, 1968; Rothenberg and 
Selkoe, 1981; Hikosaka and Wurtz, 1985). 
We have attempted to find a more com-
prehensive quantitative description of sac-
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Figure 1: Two schematic examples of saccades with identical main sequence properties 
(R, VmalandD) but differently-shaped velocity profiles. The velocity profile on the left-hand 
side is positively skewed, whereas the saccade on the right has a symmetrical velocity profile. It 
shoudl be noted that, in order to represent real data differently shaped velocity profiles should 
have different durations (see Results). 
cades, which incorporates these slow some-
what atypical movements. It will be shown 
that slow saccades disrupt the normal R—S 
relation, but still obey the same D — S re-
lation as normal main-sequence saccades. 
We propose a simple generalizing equation, 
incorporates all of these properties. Par t 
of the results in this paper were published 
elsewhere in a preliminary form (Van Gis-
bergen et al., 1984). 
2 Methods 
Horizontal saccades to the right were elicited 
by a spot of light (0.4 deg; bed /cm2) which 
jumped, after a randomly varying period of 
0.5 to 1.1 sec, from the initial position to one 
of 8 randomly selected peripheral locations on 
a tangent screen at 57 cm. Background inten-
sity was 1.2cd/cm2. Horizontal and vertical 
movements of the left eye were measured by 
double magnetic induction (Dour et al., 1984). 
In order to cancel the contribution of the pri-
mary magnetic field (see Bour et al., 1984), the 
adjustable compensation coil was positioned 
above the subject's right eye. The raw eye 
position signals were low pass filtered (-3 dB 
at 150 Hz) and sampled at a rate of 500 Hz 
in each channel. By positioning the detec-
tion coil eccentrically relative to the suction 
ring on the left eye, a measuring range of 0-35 
deg was available in one quadrant of the visual 
field. Resolution was 0.25 deg or better, in the 
range 0-25 deg. After linearization (Bour et 
al., 1984), vectorial eye velocity was computed 
from the position signals by differentiation us-
ing the central-difference algorithm (Bahill et 
al., 1982) followed by smoothing with a sym-
metrical digital filter (-3dB at 72 Hz; Rabiner, 
1970). Saccade duration was determined au-
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Figure 2: Examples of vectorial eye velocity profiles of horizontal saccades (sampled every 
2 msec) with their best fitcurve (continuous line). Subject FPO. Error in fit (residue) for a 
number of saccades of the same size is shown below (note difference in scale). Positivity in 
residue means that data points lie above fitcurve. The residue is only slightly greater than 
the noise level, but errors tend to be systematic. Abbreviations: r, correlation coefficient; A, 
amplitude in deg; 7, see text. 
tomatically by computer, making use of a 30 
deg/sec eye velocity criterion. The onset was 
defined as 4 msec before this level was crossed, 
whereas saccade offset was taken to be 4 msec 
after eye velocity fell again below this crite­
rion. Saccades which had abnormal double 
or multi-peaked velocity profiles, as well as 
saccades with durations exceeding 160 msec, 
which were often associated with blinks, were 
excluded from analysis. These movements al­
ways constituted less than 3% of the raw data 
set. Experiments were done on 8 subjects with 
ages ranging from 22 to 42 years. Seven of 
the subjects were experienced males; the fe­
male subject (MJVG) was naive. At least 79 
saccades were measured in each subject but in 
four subjects more than 135 saccades were col­
lected. Two of the subjects (JVG and AS) par­
ticipated in an experiment in which a broader 
range of saccade durations was required. In 
order to achieve this, both subjects received 7 
mg of diazepam intravenously (Aschoff, 1968; 
Rothenberg and Selkoe, 1981; Tedeshi et al., 
1983), after the calibration data and control 
data were collected. Informed consent was ob­
tained. 
2.1 Curve fitting of saccade veloc­
ity profiles 
Saccade velocity profiles were fit with a math­
ematical function in order to characterize 
their shapes. The present results were ob­
tained using the so-called density function of 
the gamma distribution [gamma function for 
short; Abramowitz and Stegun, 1972]: 
v(t) П - 1 y e x p ( - ä ) ; < > 0 ; / 3 > 0 ; 7 > l . 
(1) 
where v(t) is the saccade velocity profile; a 
and 0 are scaling constants for velocity and 
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Figure 3: Differences in shape of saccade velocity profiles. A. Three, horizontal saccades 
of different amplitudes, displayed with normal axes. Subject FPO. Note that maximum velocity 
is reached at roughly the same moment in all three saccades. В. Same saccades, now plotted 
on normalized axes to show that saccades with different amplitudes have different shapes. Note 
that skewness increases with amplitude. 
duration, respectively, and 7 is a shape pa­
rameter which determines the degree of asym­
metry. Small 7 values imply asymmetrical ve­
locity profiles; as 7 goes to infinity the func­
tion assumes a symmetrical (Gaussian) shape. 
The iteration procedure to determine the best 
fit started from initial parameter estimates 
based on computation of the first three cen­
tral moments of the velocity signal (for details, 
see Appendix 1). Curve fitting was done us­
ing the least-squares error criterion (Hartley, 
1961; Jennrich and Sampson, 1968). When 
the initial parameter estimates were deliber­
ately changed, the iteration procedure gen­
erally took longer but still converged on the 
same solution. For most saccades, 7 values 
were in the range between 2 and 15. Since 
our interest is mainly in the іЛаре of the sac-
cade velocity profiles, the parameters α and /3, 
which reflect differences in maximum velocity 
and duration, will not be considered here. 
Skewness can be derived directly from 7 using 
the relation (Abramowitz and Stegun, 1972): 
s
 = ^ m 
It should be noted that the precise 7 value 
found by the fitting procedure varies in a 
rather predictable way with the definition of 
the onset criterion of the velocity profile. Near 
saccade onset, the gamma function behaves 
roughly as 
»(i) = a.[ | r 1 . 
When saccade onset is taken at an early 
point in time, where the velocity profile still 
rises rather gradually, higher 7 values will be 
found than in the case of a later onset crite­
rion. In a previous paper (Van Gisbergen et 
al., 1984), where slightly different onset and 
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F i g u r e 4: Relation between skewness and saccade amplitude (A) and between skewness and 
saccade duration (B) of norma) main sequence saccades. Subject JVC. Note that both relations 
are about equally tight and that correlations are high (N - 84). 
offset criteria were used, accordingly some­
what lower skewness values were obtained. 
2.2 Alternative measures for 
velocity-profile asymmetry 
In order to exclude that our findings on skew­
ness values derived from the gamma function 
are due to some mathematical artifact (see be­
low), we have also explored alternative mea­
sures. Skewness can be computed directly by 
determining the third central moment, if the 
velocity signal is conceived of as a distribution 
along the time axis. By definition: 
S = (3) 
«г»/0"Л|»(0І 
where μ is the expectation value (first cen­
tral moment) and σ is the variance (second 
central moment) of the velocity profile, v(t). 
As can be seen from this equation, the contri­
bution to 5 increases strongly with time. Ac­
cordingly, noise long after saccade offset may 
easily dominate the contribution of the actual 
velocity profile to 5. Therefore, when using 
relation (3), it was necessary to replace the 
noisy fluctuations occurring after saccade off­
set by zero's to get meaningful results. 
A second alternative measure which has 
been tried on the data is derived from the 
beta-function, since this function, unlike the 
gamma-function, can also yield negative skew­
ness values. 
A more general way to describe the saccade 
velocity profile is by means of a polynomial 
function. We fitted a 6th order polynomial to 
the velocity signal, and used it to compute its 
skewness by relying on equation (3). 
Finally, a more direct procedure for char-
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Figure 5: Relation between skewness and saccade amplitude (A,B,C) and between skew­
ness and saccade duration ( D , E , F ) for three different subjects. Normal and slow (AS and 
JVG: diazepam experiment, MJVG: fatigued) saccades are pooled together to show difference 
between both relations. Note that, judged from the correlation coefficients, the relation be­
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Subject 
JVG 
AS 
MJVG 
FPO 
HG 
JR 
WS 
JDV 
N 
114 
83 
75 
84 
84 
135 
79 
88 
D-S 
0.88t 
0.72 
0.92t 
0.93Ì 
0.90t 
0.94 Î 
0.97Í 
0.28 
R-S 
0.86 
0.74 
0.90 
0.88 
0.88 
0.90 
0.92 
0.36t 
R-D 
0.98 
0.86 
0.97 
0.94 
0.98 
0.98 
0.97 
0.91 
aD 
0.95 
0.33 
0.78 
1.69 
0.95 
1.48 
1.31 
-0.28 
ад 
-0.06 
0.47 
0.13 
-0.79 
-0.05 
-0.53 
-0.35 
0.61 
Table I: Correlation coefficients TDS, Г Д 5 , TRD and normalized multiple regression coefficients 
for saccade duration ( O D ) and amplitude (од) in eight subjects for normal mam-sequence sac-
cades. The multiple regression coefficients were determined by using the equation (Spiegel, 
1961) 
OD 
D- μο 
+ ал 
R- μη 
<7з σο <7R 
where μ and σ denote mean and standard deviation, respectively, of 5, D and R. Note that 
six out of eight subjects yield higher regression coefficients for saccade duration than for am­
plitude. The coefficient for amplitude is negative in five cases, suggesting that for these data, 
skewness tends to decrease with amplitude, when D is kept constant (see also Fig. 7B). Six out 
of eight subjects yield higher correlation coefficients for the D - S relation than for the R - S 
relation, which is significant in all cases (f: Ρ < 0.05; \\ Ρ < 0.005). Subject JDV yielded poor 
gammafits (see Discussion). 
acterizing the shape of the saccadic velocity 
profile which is not based on an estimation 
of skewness (in the mathematical sense), is to 
determine the acceleration fraction defined as 
the ratio Da/D of the accelerating phase (D
a
) 
and saccade duration (D) (sec Fig. 1). All five 
measures yielded qualitatively comparable re­
sults (see Results). This paper deals primar­
ily with the results obtained by the gamma-fit 
procedure. Further details on the other mea­
sures applied in this study are outlined in Ap­
pendix 2. 
3 Results 
3.1 Gamma-f unction fit results 
Figure 2 shows three typical examples 
of curve fits of the g a m m a function for 
saccades of different amplitudes, together 
with the difference between the measured 
d a t a points and the best-fit function (the 
residue) for a few saccades. T h e fit, as 
judged from the correlation coefficient, is 
good (0.920 < r < 0.999). T h e mean 
ampli tude of the residue (18.7 deg/sec in 
subject J V G , computed between onset and 
offset of 325 saccades) is slightly above 
the velocity-noise level of about 6 deg/sec 
(computed similarly from the post sac­
cadic velocity signal of 30 saccades over 
80 msec). Systematic discrepancies from 
the noise can be noted in the superimposed 
residues. In general, peak velocity as well 
as the tail of the velocity profile are slightly 
overestimated, especially in small and in­
termediately sized saccades. 
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Subject [ Дг [ D - 5 1 Д - SΤД - Ρ ар ¡ОА 
JVG 325 0.88 0.71 0.71 "~ 0.76 0.17 
AS 209 0.83 0.74 0.85 0.73 0.12 
MJVG 156 0.93 0.86 0.89 0.78 0.16 
Table II: Correlation coefficients and normalized multiple regression coefficients for pooled 
normal and slow saccades in three subjects. In all three subjects rps was significantly higher 
than гд5 (Ρ < 0.005). Note that multiple regression yields comparable results for the three 
subjects. See also Table I. 
3.2 Relation between skewness of 
velocity profile and saccade 
amplitude 
The shape parameter 7 has a clear re­
lation with saccade amplitude; for nor­
mal small saccades we find larger 7 val­
ues than in large amplitude eye movements 
(see Fig. 2). Since the goodness of fit is 
quite satisfactory, and similar for all sac-
cade amplitudes, these differences must re­
flect changes with Д which cannot be ac­
counted for by any combination of ampli­
tude and time scaling (see Fig. 3A,B) and 
thus do not trivially reflect the fact that 
in large saccades the eye moves faster and 
longer than in smaller saccades. This is il­
lustrated by way of example in Fig. 3B, 
where three saccades of different ampli­
tudes have been normalized to their own 
peak velocities and durations. These rep­
resentative examples clearly illustrate that, 
as saccade amplitude increases, the rela­
tive duration of the accelerating phase de­
creases: the velocity profile becomes more 
skewed in larger saccades. It can be noted 
in Fig. ЗА that peak eye velocity is reached 
roughly at the same time in all three sac-
cades. 
When a plot is made of 5 versus Д for 
normal saccades, a clear linear relation is 
found (Fig. 4A). Together with Fig. ЗА, 
this plot confirms earlier suggestions in the 
literature (Baloh et al., 1975) that skew­
ness increases with amplitude. Contrary 
to what would be expected, however, the 
plot in Fig. 4A also assigns some positive 
skewness to small saccades. It is very prob­
able that this is due to a subtle but sys­
tematic failure of the gamma function to 
fit the tail of saccade velocity profiles (Fig. 
2). While the fitcurve has an exponential 
decay and, by definition [see equation (2)], 
is confined to positive skewness values only 
(computed for an infinite time-domain), in 
small saccades the eye clearly stops more 
abrubtly. Compared with computations of 
the third central moment directly from the 
measured data (see Methods), the 5 values 
derived from 7 are systematically higher by 
a nearly constant amount of 0.6 (see Dis­
cussion). Since we were interested in es­
tablishing trends rather than in absolute 
skewness values and because this alterna­
tive method had its own problems (see Dis­
cussion), the main results in this paper are 
based on 7-derived S values. 
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Figure β: Saccades of a fixed amplitude (A) still exhibit a relation between skewness and 
duration (C). Number of saccades, ΛΓ = 34; parameters: a = 6.0,6 = 0.7. Saccades of fixed 
duration (D), however, do not yield a significant relation between amplitude and skewness (B). 
Therefore, the relation between skewness and duration is more fundamental than the relation 
with amplitude. Subject: AS; diazepam experiment, normal and slow saccades pooled together; 
У = 21. 
3.3 Gamma skewness of velocity 
profile and saccade duration 
From the data (Fig. 4B) it follows that 5 
and D have an approximately straight-line 
relationship which can be represented by: 
S - a-D + b (4) 
with α and b constants (sec 1 and di-
mensionless, respectively). Apart from one 
exception (JDV), this relation holds in all 
subjects with 0.70 < r < 0.97. 
By comparing plots of S versus R and 
D for normal main sequence saccades, it 
seems that both relations are about equally 
tight (Fig. 4A,B). This may seem not too 
surprising since R and D in such saccades 
are tightly related (see Table I). Neverthe­
less, six out of our eight subjects system­
atically yielded a slightly better correla­
tion for the D — S relation of normal sac-
cades. The difference was statistically sig­
nificant in all cases (Sterling and Pollack, 
1968; see Table I). To determine more di­
rectly the extent to which the variability 
in the skewness parameter S relates to dif­
ferences in amplitude and duration of sac-
cades, normalized multiple regression coef­
ficients (Spiegel, 1961) were also computed. 
Again, six out of eight subjects yielded 
higher coefficients for duration than for 
amplitude (Table I). This result suggests 
that skewness is predominantly determined 
by saccade duration. 
To explore further whether the D — S 
relation is indeed more fundamental than 
the R— S relation, wc have also compared 
both plots in conditions where the normal 
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Figure 7: Relative acceleration fraction (Da/D) of the velocity profile also has a much tighter 
relation with saccade duration (B) than with saccade amplitude (A). Skewness as determined 
by the gamma function has a strong relationship (r = -0.90) with Da/D (C). Subject: JVG, 
N = 325 (pooled normal and slow-saccade data). 
Figure 7: here comes figure 7 
R - D relation is disrupted. This was 
achieved in two subjects (JVG and AS) 
by an intravenous injection of diazepam 
(see Methods). Further relevant data were 
obtained from a fatigued subject (MJVG) 
near the end of a long session. Interest-
ingly, while the R — S relation deteriorated, 
the same D - S relation remained valid 
under these conditions (Fig. 5A through 
F). In Table II the correlation coefficients 
for the D - 5, A - S and R - D relations 
are given, together with the normalized 
multiple regression coefficients for pooled 
(normal + slow) saccades. In all three 
cases the ros correlation coefficient is sig-
nificantly higher than the r^s coefficient 
{P < 0.005). Furthermore, the normalized 
multiple regression coefficients are much 
higher for saccade duration than for am-
plitude. We conclude that the D - S rela-
tion can be considered as more fundamen-
tal than the R — S relation. 
In Table IV linear regression coefficients 
for the D — S relation (a and b) are given 
for normal and pooled saccades. No sig-
nificant difference was found between both 
conditions. These findings are exemplified 
in Fig. 6 where 5 values have been plotted 
for saccades of a given amplitude (left-hand 
column) and for saccades of a given dura-
tion (right-hand column). Fig. 6A shows 
the R—S relation for fixed-amplitude sac-
cades. Clearly, there is no significant re-
lation. However, when the D — S relation 
of these saccades is plotted (Fig. 6C) a 
very significant relation emerges. When 
saccades of a given duration (Fig. 6B,D) 
are selected, no significant D — S or R — S 
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Table III: Correlation coefficients for the 
RS and DS relations, computed for five differ-
ent methods for determining skewness. Sub-
ject JVG, N = 325. Normal and slow saccades 
pooled together. Each of the five measures 
yields a significantly higher correlation for the 
DS relation (P < 0.005). Correlation coeffi-
cients of the relation between the relative ac-
celeration measure and each of the other four 
measures applied in this paper are given in 
the right-hand column. Note that the gamma 
function yields a significantly better correla-
tion (P < 0.005). Because the relative ac-
celeration fraction decreases with amplitude, 
negative correlations are found. 
Table IV: Parameter values a,¿» [equation (4)] 
and с [equation (5)] under the same conditions 
as described in Table I. The intercept of equa­
tion (5) is between -1.4 and -4.1 deg in all sub­
jects and has been omitted. Correlation coeffi­
cients for equation (5) were always larger than 
0.97. 
Measure 
Gamma function 
Beta function 
6th order polynomial 
3rd central moment 
Relative acceleration 
R-S 
0.71 
0.55 
0.43 
0.44 
-0.66 
U-S 
0.88 
0.79 
0.79 
0.77 
-0.90 
Rel. а с с ^ 
-0.90 
-0.84 
-0.80 
-0.80 
-
Dataset 
Normal 
Pooled 
Subject 
JVG 
AS 
MJVG 
FPO 
HG 
JR 
WS 
JDV 
JVG 
AS 
MJVG 
α 
4.23 
2.38 
3.49 
3.40 
4.05 
3.63 
3.31 
1.61 
3.89 
3.62 
3.76 
b 
0.61 
0.85 
0.71 
0.74 
0.71 
0.79 
0.84 
0.91 
0.63 
0.81 
0.69 
с 
1.65 
1.81 
1.59 
1.75 
1.58 
1.61 
1.62 
1.49 
1.69 
1.83 
1.70 
relation is found. These data show once 
more that saccades of a given amplitude 
can still have different shapes of velocity 
profiles whereas, on the other hand, sac-
cades of a certain duration always have the 
same shape of velocity profile, despite dif­
ferences in amplitude. 
3.4 Results based on alternative 
measures for velocity-profile 
asymmetry 
If skewness is chosen as the parameter to 
express the degree of asymmetry in the 
velocity profile, the most straightforward 
procedure would be to compute the 3rd 
central moment directly from the data-
points [equation (3)]. This has the ad­
vantage of not requiring a fitting proce­
dure but appeared to be very susceptible 
to equipment noise and 'biological' noise 
in the signal (see below). To avoid this un-
desired effect we have preferred to use the 
skewness parameter based on a smooth fit 
curve through the data points. There are, 
however, no strong a priori reasons for pre­
ferring one particular mathematical func­
tion, such as the gamma function, since 
it is always possible to compute the skew­
ness value of any arbitrary function by ap­
plying equation (3). The gamma function 
•was chosen for this purpose because the 
fitting procedure was straightforward and 
fast. Ideally, the fit function should not 
be affected by noise in the signal, yet be 
able to mimiek the overall shape of the ve­
locity profile. The gamma function pro­
vides a reasonable description of the veloc-
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Figure 8: Relation between R and Vmoi · D in two subjects. Note that this relation is very 
tight (r > 0.97), for normal as well as slow saccades. The slope, c, is somewhat higher for slow 
saccades (C,D). Note also, that the slope tends to increase for large saccades (see Discussion). 
ity profile (Fig. 2) and is quite immune to 
noisy variations but may not be applica-
ble in all cases since it cannot yield nega-
tive skewness values. Therefore, saccades 
where the accelerating period lasts longer 
than the decelerating period cannot be de-
scribed satisfactorily by the gamma func-
tion. This was the main reason why the 
fit was rather poor in subject JDV where 
this phenomenon could be noticed for sac-
cades up to 20 deg amplitude which were 
the largest saccades measured in this sub-
ject. Second, overlapping saccades or sac-
cades with double-peaked velocity profiles, 
which have a very nontypical shape, can-
not be described by such a simple three-
parameter function. 
We were concerned that the slight but 
apparently systematic shortcomings in the 
fit (see Fig. 2) might have biased the re-
sults. Therefore, to exclude that our major 
conclusions so far were in fact based on sys-
tematic errors in the fit we have also stud-
ied the R — S and D — S relations based 
on the alternative methods for quantify-
ing the degree of asymmetry in the veloc-
ity profile outlined in the Methods section. 
Not surprisingly, by using more complex 
mathematical functions such eis the beta 
function and the 6th order polynomial (see 
Methods and Appendix II), the goodness 
of fit improved (mean absolute residue for 
gamma function: 18.7 deg/sec; for beta 
function: 11.6 deg/sec and for 6th order 
polynomial: 6.7 deg/sec; subject JVG; N 
= 325). On the other hand, the better 
the mathematical function approaches the 
actual velocity profile, the more details of 
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maljR plane can be subdivided into an array of sectors, fanning out from 
the origin, where saccades have similar skewness [equation (6)]. Skewness and saccade duration 
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0.9 < S < 1.1; plus signs: 5 > 1.1) were obtained from pooled normal and slow saccades (see 
text). Subject: JVG, N = 325, Subject MJVG, N = 156. 
the velocity signal which are irrelevant for 
the present purpose (biological noise) will 
affect the skewness value obtained by ap­
plying equation (3). Consequently, as ex­
pected from the 3rd central moment of the 
velocity profile, the beta function and the 
6th order polynomial all resulted in less 
tight R S and D - S relations than the 
gamma fit results (Table III). Nevertheless, 
our main result that the D - S relation is 
more tight than the R - S relation remains 
valid. We conclude therefore that this re­
sult is not simply an artifact of the imper­
fect fit of the gamma function. Finally we 
have explored what picture emerges if, in­
stead of the skewness parameter, the accel­
eration fraction is used to characterize the 
degree of asymmetry of the velocity pro­
file. This measure can be derived directly 
from the velocity signal (see Methods) and 
can serve as an independent check to verify 
whether our conclusions so far depend crit­
ically upon precisely which measure is used 
to quantify the shape of the velocity pro­
file. Because the acceleration fraction de­
creases with increasing amplitude (or du­
ration) the resulting correlation coefficients 
in table III are negative. Again, with this 
measure as well, the relation with dura­
tion is significantly more tight than with 
amplitude (Fig. 7A,B). In summary, it 
can be stated that all measures used sup­
port the conclusion that the relation be­
tween the degree of asymmetry and sac-
cade duration is more tight than with sac-
cade amplitude. As shown in Fig. 7C and 
Table III (right-hand column), there is a 
strong correlation (r — -0.904) between 
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the acceleration fraction and the gamma 
skewness parameter derived from the same 
data set. The comparison with the other 
skewness measures (Table III) shows that 
the gamma skewness data correlate signifi­
cantly better (P < 0.005) with the relative 
acceleration measure than the alternative 
skewness measures. Therefore we conclude 
that the gamma function can be used re­
liably to express the degree of asymmetry 
in the saccadic velocity profile. 
3.5 A unifying equation relating 
A, Vmax and S 
By incorporating also the shape of the ve­
locity profile, this paper adds a third equa­
tion to the well known main sequence rela­
tions between amplitude/duration and am­
plitude/maximum velocity. We wondered 
whether it would be possible to present all 
saccade parameters in a single comprehen­
sive equation. From the literature it is 
known (Evinger et al., 1981) that maxi­
mum eye velocity, at least in the cat, is 
proportional to mean velocity (computed 
as RID). This makes it possible to com­
bine the three main sequence parameters 
•Ri Κηαι and D into a single equation: 
V
m
„ D-^cR (5) 
where с is a dimensionless proportional­
ity constant. Apart from a small intercept, 
this relation is also very tight (τ· > 0.97) in 
the human, (Fig. 8A,B). Linear regression 
yields a mean value of 1.64 for с (8 sub­
jects) which is slightly lower than the value 
of 1.9 in the cat. Table IV gives a survey 
of the c-values found in our 8 subjects. 
When the data set included very slow 
saccades due to diazepam or fatigue, equa­
tion (5) remained valid but с increased 
slightly by 4-13% (Fig. 8C,D). By recom-
bining equations (4) and (5) into a single 
equation, the interrelations among the var­
ious saccade parameters can be succinctly 
summarized: 
V
ra
„, - J ^ · R. (6) 
What equation (6) entails can perhaps 
best be appreciated from a scatter plot like 
in Fig. 9, where the amplitude/maximum 
velocity plane has been subdivided into a 
few sectors by lines of equal skewness which 
can be computed from constants a, 6 and с 
in equation (6) (see table IV). Although 
the data sometimes overlap the sectors, 
most data points belonging to a certain 
skewness range fall within the theoretically 
predicted sectors [equation (6)]. Hence, 
equation (6) seems to provide a reasonable 
description for normal as well as slow sac-
cades. Three points are worth noting: 
First, the graphical expression of equation 
(6) in Fig. 9 incorporates the fact that, 
for normal main sequence saccades, 5 in­
creases with R. Since the R — V
max
 rela­
tion of normal saccades in man and mon­
key shows soft saturation, the data points 
from large saccades lie in a sector which is 
closer to the horizontal axis (larger 5) than 
is the case for small saccades. 
Second, the skewness sectors also give a 
graphical illustration of our finding that, 
for a given amplitude,
 т а г
 and 5 are in­
versely related (i.e. slower saccades are 
more skewed; see also Fig. 5D,E,F). 
Third, equation (6) is a useful addition to 
equation (5), which appears to provide a 
very tight description of both normal and 
slow saccades, by specifying explicitly how 
the shape of the velocity profile depends on 
saccade duration. 
4 Discussion 
4.1 Main findings 
One of the main findings of the present 
work is that, for some yet unknown rea-
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son, there appears to be a lelation between 
the duration of a saccade and the shape of 
its velocity profile. In addition, we have 
found that noi mal and slow saccades obey 
the same D - S relation. Our data indicate 
that the skewness relation with amplitude 
in 'alert' saccades (Hyde, 1959; Baloh et 
al., 1975) is indirect: it seems that large 
saccades are more skewed because they last 
longer. 
4.2 The relation V
max
 · D = с R 
Apart from a small intercept, the Vmaz · 
D — r · R relation [equation (5)] is valid in 
the human (Fig. 8, table IV) and is very 
tight (r > 0.97) in all subjects. This is true 
despite considerable scatter in both the 
R — Vmai and R — D relations. This scat­
ter therefore somehow cancels out. This 
would be not at all surprising if all sac-
cades had the same shape of velocity pro­
file. For example, suppose that the veloc­
ity profile could be described simply by a 
triangle with height
 гпаг
 and base D. Ob­
viously, equation (5) then holds for every 
kind of triangle since ν,
π α ι
, · D — 2 · R so 
that, in this case, с — 2. One may won­
der, however, whether in our data, where 
a strong relation appears to exist between 
skewness and duration of saccadic velocity 
profiles, the relation expressed by equation 
(5) could still be valid. 
Assuming that all saccades can be de­
scribed by a gamma function [equation 
(1)], under the boundary condition that 
the gamma-function reaches its maximum 
height at the same moment for all ampli­
tudes (see Fig. 4A), it is possible to show 
numerically, that the parameter с is not in­
dependent from 7. This may seem to con­
tradict the tightness of relation (5). How­
ever, с depends only very moderately on 7 
and is highest for the smallest 7-values (i.e. 
the largest saccades). The slight upward 
curvature noticable for the largest ampli­
tudes in Fig. 8 can, in fact, be interpreted 
to reflect this expected relation between с 
and 7. 
4.3 Generalizing equation for 
saccades 
As can be seen in Fig. 9, the actual val­
ues of 5 for normal saccades and abnor­
mally slow saccades conform at least qual­
itatively with the 'predictions' from equa­
tion (6). The mild violations which occur 
probably reflect mainly the scatter in the 
D - S relation. Yet we feel that Fig. 9 
must be interpreted with caution. First, 
as explained above, the precise value for 
intercept b in the D — S relation remains 
to be determined. Second, there is some 
uncertainty as to whether the linear D — S 
relation, which emerges from the gamma fit 
results, is really valid for small (short du­
ration) saccades. Despite the considerable 
amount of scatter, the 5-values computed 
directly from the eye velocity data [equa­
tion (3)] hint that the D — S relation and 
by implication also equation (6) are per­
haps oversimplified. Therefore we regard 
equation (6) as an interesting working hy­
pothesis, which requires further investiga­
tion, rather than as an established fact. 
4.4 Implications for models of the 
saccadic system 
One might wonder, whether current mod­
els of the saccadic system (Robinson, 1975; 
Van Gisbergen et al., 1981; Scudder, 1985; 
Fuchs et al., 1985) can explain the observed 
phenomena. To our knowledge, no special 
attention has been paid to the shape of 
the saccade velocity profile. Simulations 
indicate that these models in their present 
form, are incapable of replicating our find­
ing that skewness increases with duration. 
Therefore, an interesting problem which 
remains is why saccades, which last equally 
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long, but whose amplitudes may be quite 
different, tend to have the same shape of 
velocity profiles (Fig. 6B). The behaviour 
of the skewness parameter reflects the fact 
that the saccadic system is nonlinear. If 
the total system were linear, neither du-
ration nor skewness of the saccade would 
change with ampli tude. To the extent that 
the oculomotor plant can be assumed to 
behave as a linear system (Robinson, 1981; 
Goldstein, 1983; Van Opstal et al., 1985), 
differences in the t ime course of saccadic 
velocity profiles must reflect shape differ-
ences in the s tructure of the neural control 
signals generated for saccades of different 
ampli tudes. In a forthcoming paper this 
hypothesis has been worked out in more 
detail. It is proposed that skewness could 
be due to short term fatigue in medium 
lead burst cells (see Introduction) during 
the execution of a saccade. We are cur-
rently exploring the implications of a burst 
generator which, instead of a fixed, static 
nonlinear characteristic (Van Gisbergen et 
al., 1981), has a dynamic nonlinear char-
acteristic, whose parameters change during 
a saccade. Similar suggestions were made 
earlier by Zee and Robinson (1979) on dif-
ferent grounds. 
An alternative to the idea that the pe-
culiarities in saccade velocity profiles, de-
scribed in this paper, reflect properties of 
the neural control signals, would be to as-
sume that nonlinearities in the oculomo-
tor plant may play a role. While this pos-
sibility cannot be excluded from our ex-
perimental da ta , the fact that the shape 
of saccade velocity profiles is aflfected by 
centrally-acting drugs (this paper) as well 
as by the visuomotor task (visually vs. 
nonvisually triggered saccades, see Smit et 
al., 1986) s trengthens the belief tha t the 
time s t ructure of input signals must be a 
major determining factor. This same rea-
son also seems to exclude artefacts related 
to the method of measuring eye movements 
(i.e. the presence of the eye ring). In con-
clusion. we think that skewness is a reveal-
ing new parameter for saccades which de-
serves further at tention and which seems 
to be a useful extension of the widely used 
main sequence plots as a tool for docu-
menting their dynamic properties in pure 
scientific and clinical studies. 
Acknowledgements: This research was par-
tially supported by the Netherlands Organi-
sation for the Advancement of Pure Research 
(X.W.O.). We wish to thank P. Penders for 
his computational assistance, and are greatful 
to A. Smit, A. van Oosterom and W. Does-
burg for helpful discussions and suggestions. 
Dr P. Ponsioen kindly performed the intra-
venous injections. Furthermore we thank A. 
van Alst and M. Nieuwcnhuizen for their as-
sistance in the preparation of this manuscript. 
Finally we are indebted to an unknown referee 
for valuable suggestions, which greatly helped 
to improve the present paper. 
References 
Abramowitz M and Stegun IA (1972): 
Handbook of mathematical functions, Dover 
Publications, New York. 
Aschoff 
JC (1968): Veränderungen rascher Blickbewe-
gungen (Saccaden) beim Menschen unter Di-
azepam (Valium). Archs. Psychiat. Nervenkr. 
211, 325-332 
Bahill TA, Clark M R and Stark L 
(1975): The main sequence, a tool for study-
ing human eye movements. Math. Bwsci. 24, 
191-204 
Bahill AT, Kallman JS and Lieberman 
JE (1982): Frequency limitations of the two 
points central difference differentiation algo-
rithm. Biol. Cybernet. 45, 1-4 
Baloh RW, Stills AW, Kumley W E 
and Honrubia V (1975): Quantitative mea-
surement of saccade amplitude, duration, and 
velocity. Neurology 25, 1065-1070 
Bour LJ, Van Gisbergen J A M , 
Bruyns J and Ottes FP (1984): The double 
Skewness of Saccadic Velocity Profiles 35 
magnetic induction method for measuring eye 
movement: results in monkey and man. IEEE 
Trans. BME 31 . 419-427 
Eadie WT, Dryard D and James FE 
(1971): Statistical methods in experimental 
physics. North Holland Publishing company, 
Amsterdam. 
Evinger C, Kane ko CRS and Fuchs 
AF (1981): Oblique saccadic eye movements 
of the cat. Exp. Bram Res. 41, 370-379 
Fuchs AF (1967): Saccadic and smooth 
pursuit eye movements in the monkey. J. 
Physiol (Land) 191, 609-613 
Fuchs AF, Kaneko CRS and Scudder 
CA (1985): Brainstem control of saccadic eye 
movements. Ann. Rev. Neurosci. 8, 307-337 
Goldstein H P (1983): The neural encod­
ing of saccades in the rhesus monkey Thesis, 
Johns Hopkins University, Baltimore, MD. 
Grashuis J (1974): The pre-event stimu­
lus ensemble Thesis, University of Nijmegen, 
Nijmegen, The Netherlands. 
Hartley О (1961): The modified Gauss 
Newton Method for fitting nonlinear regres­
sion functions by least squares. Technometncs 
3, 269-280 
Hikosaka О and Wurtz RH (1985): 
Modification of saccadic eye movements by 
GABA-related substances. I. Effects of mus-
cinol and biculline in monkey colliculus. J. 
Neurophysiol. 53, 266-291 
Hyde J E (1959): Some characteristics of 
voluntary human ocular movements in the 
horizontal plane. Am. J. Ophthalmol. 48, 
85-94 
Jennrich RI and Sampson P F (1968): 
Application of stepwise regression to nonlinear 
estimation. Technometncs 10, 63-72 
Mackensen G (1958): Die Geschwindigkeit 
horizontaler Blickbe wegungen. Graefes Arch. 
für Ophthal. 160, 47-64 
Rabiner LR, Gold В and McGonegal 
CA (1970): An approach to the approxima­
tion problem for non recursive digital filters. 
IEEE Trans. Audio. Electroacoust. 18, 83-
106 
Robinson DA (1964): The mechanics of 
human saccadic eye movement. J. Physiol. 
174, 245-264 
Robinson DA (1975): Oculomotor control 
signals. In: Lennerstrand G. Bach-y-Rita P. 
(eds), Basic mechanisms of ocular motility and 
their clinical implications. Pergamon Press, 
Oxford, pp 337-374 
Robinson DA (1981): Control of eye 
movements. In: Handbook of Physiology, Sec­
tion I: The Nervous System. Vol. II. Motor 
Control, part 2, Am. Physiol. Soc, Bethesda, 
MD. 
Rothenberg SJ and Selkoe D (1981): 
Specific oculomotor deficit after diazepam. I. 
Saccadic eye movements. Psychopharmacology 
74, 232-236 
Scudder CA (1985): Functional identifica­
tion and characteristics of saccadic inhibitory 
burst neurons in the behaving monkey, Thesis, 
University of Washington, Seattle (USA). 
Smit AC, Van Gisbergen J A M and 
Cools AR (1986): Dynamics of saccadic 
tracking responses: effects of task complex­
ity. In: Eye movements: from physiology to 
cognition. K.O'Regan and A. L vy-Schoen 
(eds.) North Holland Publishing Сотр. , Am­
sterdam, accepted for publication. 
Spiegel M R (1961): Theory and prob­
lems of statistics. Schaum's outline series. 
McGraw-Hill Book Company, New York. 
Sterling D T and Pollack SV (1968): 
Introduction to statistical data processing. 
Prentice-Hall series in Automatic Computa­
tion. Prentice-Hall Inc., New Jersey. 
Tedeschi G, Smith AT, Ohillon S and 
Richens A (1983): Rate of entrance of ben­
zodiazepines into the brain determined by eye 
movement recording. Br. J. Clin. Pharmac. 
15, 103-107 
Van Gisbergen J A M , Robinson D A 
and Gielen S (1981): A quantitative anal­
ysis of generation of saccadic eye movements 
by burst neurons. J. Neurophysiol. 45, 417-
442 
Van Gisbergen J A M , Van Opstal AJ 
and Ottes F P (1984): Parametrization of 
saccadic velocity profiles in man. In: Theoret­
ical and applied aspects of eye movement re­
search, eds. A.G. Gale and F. Johnson, North 
Holland, Amsterdam pp 87-94. 
Van Opstal AJ, Van Gisbergen J A M 
and Eggermont JJ (1985): Reconstruction 
36 
of neural control signals for saccades based on 
an inverse method. Vision Res. 25, 789-801 
Westheimer G (1954): Mechanism of sac-
cadic eye movements. A.M.A. Arch. Ophthal. 
52, 710-724 
Yarbus AL (1956): The motion of the eye 
in the process of changing points of fixation. 
Biofizika 1, 76-78 
Zee DS and Robinson DA (1979): A hy-
pothetical explanation of saccadic oscillations. 
Ann. Neurol. 5, 405-414 
Skewness of Saccadic Velocity Profiles 37 
5. Appendix 
I. Estimation of initial-parameter values for the gamma function fitting 
procedure 
The velocity profile is taken to begin 4 msec before the first 30 deg/sec crossing (see Methods) 
so that, at this time, i>(0) = 0. For an estimation of starting values for α, β and 7 ¡equation 
(1)], we made use of a procedure described by Grashuis (1974): 
The gamma function, described by equation (1). has an expectation value μ = β, a variance 
σ
2
 = 7 -β2 and a skewness 5 given by equation (2). It is easy to show, that the squared version 
of the velocity profile, v2(t), is also a gamma function with parameters, à, β and 7: 
υ
2(ί) = à - t i r - 1 ·βχρ(-4) (Al) 
ß ß 
where 
a = - • a • 2 
4 
β = β/2 and 
7 = 2 7 - Ι 
Therefore, the expectation value μ, and the variance, <x2, can be written as: 
О·* 
and 
- 2 ,r, , 4 /32 
σ 
( 2 7 - 1 ) · / ? ' (A2) 
Determining μ and <x2 of the squared velocity profile then yields reasonable initial values for 
7 and β: 
1 . A2 
' 2 ' 2·<τ2 
and 
ß= A 1 - (A3) 
7 - 2 
Since the gamma function reaches its maximum at tm = /? • (7 — 1), the starting value for 
parameter α can be computed from maximum eye velocity according to: 
_ _ Vmax · β χ ρ ( 7 - 1) , A 4 , 
( 7 - l ) < 7 - l ) 
When forced to start with these initial parameter values, the fitting procedure reaches the 
final values after about 10 iterations. 
II. The beta function 
An alternative function which can yield negative skewness values is derived from the beta func­
tion (Eadie et al., 1971). This function is defined as: 
" ( 0 = « · [ д ] 7 " 1 · [1 - ^ ] ' " 1 for 0 < t < β. (A5) 
and i;(t) = 0 elsewhere. 
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In this equation, α is a scaling parameter 0 equals saccade duration and 7 and 6 determine 
skewness 
p 2 (¿_7) гтТ+з 
( ¿ i + 7 + 4 ) v / ( ¿ + l)(7 + l ) 
ГЛе «гі<Л order polynomial function 
The velocity profile υ(ί) is most generally described by the equation 
0 0 
υ
(<) = ]Γα, f (A7) 
1 = 1 
We determined the first six coefficients a, of this equation and computed skewness by applying 
equation (3) 
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Reconstruction of Neural Control Signals Based on 
an Inverse Method 
J O H N V A N O P S T A L , J A N V A N G I S B E R G E N A N D J O S E G G E R M O N T 
Dept. of Medical Physics and Biophysics 
Geert Grooteplein Noord 21 
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Abstract 
The failure to obtain realistic saccadic velocity profiles, in earlier simulation 
studies using a linear oculomotor plant model and a stylized pulse-step input, has 
led to the development of quite complex plant models. The stylized-input assump­
tion has later been shown to be unrealistic: it is known now that the pulse has 
a smooth shape in which the decay period is longer than the rising edge. To ex­
plore the applicability of linear models without imposing о prion constraints on the 
shape of the control signal, we have used Fourier deconvolution for reconstructing 
the neural-control signal. From the results obtained with this inverse method, we 
conclude that it is not necessary to use a complicated model in order to obtain 
realistic saccade velocity profiles. Furthermore, the results illustrate clearly that a 
second order linear plant model necessitates active braking at the input in order to 
explain the occurrence of short-lasting saccades. 
Keywords: Oculomotr plant - Linear model - Pulse-step signal - Inverse method 
- Active braking - Simulation. 
'published in Viston. Research 25: 789-801, 
1985 
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1 Introduction 
Three decades ago, it was pointed out by 
Westheimer (1954) that the system which 
responds with saccades to target step dis-
placements is nonlinear. This is obvious 
from so-called main-sequence plots (Bahill 
et al., 1975a; (Baloh et al., 1975) which 
show that, as saccades become larger, their 
duration increases and peak velocity shows 
a less-than-linear increase. For any lin-
ear system, instead, duration would be the 
same for all amplitudes and peak velocity 
would have a linear relation with ampli-
tude. 
From the early seventies on, single-
unit recordings in alert animals have con-
tributed considerably in locating the non-
linearities. Because the main sequence in 
monkey and man is qualitatively similar 
(Fuchs, 1967), recordings from oculomo-
toneurons in alert monkeys are the most 
appropriate for this purpose. These stud-
ies (Robinson, 1970; Fuchs and Luschei, 
1970; Schiller, 1970; Keller and Robin-
son, 1972; Luschei and Fuchs, 1972; Henn 
and Cohen, 1973; Van Gisbergen et al., 
1981) have shown that, prior to and dur-
ing saccades, agonist motoneurons carry a 
neural signal which has roughly a pulse-
step shape: firing rate rises rather abruptly 
shortly before the saccade begins, remains 
at a high level during a short period of 
time (the pulse) and then falls back to a 
steady level which is higher than the steady 
rate before the pulse. This saccade-related 
increment in tonic firing rate represents 
the step-component of the pulse-step sig-
nal. Conversely, antagonist motoneurons 
can be said to carry an inverted pulse-step 
signal: just prior to saccade onset, firing 
rate falls steeply to a low level which is 
followed, near saccade offset, by a steady 
rate intermediate between the pulse rate 
and the presaccadic tonic firing rate. 
In order to investigate whether the non-
linearity in the total system noted by West-
heimer (1954) reflects nonlinear neural sig-
nal processing, a nonlinearity in the ocu-
lomotor plant, or both, it is necessary to 
compare pulse-step signals in motoneurons 
and saccadic velocity profiles for various 
stimulus-size displacements. For ease of 
discussion, the system comprising all sig-
nal processing from visual stimulus up to 
the level of motoneurons is referred to as 
"controller". 
If the controller were linear, the pulse-
step signals caused by stimulus displace-
ments of various amplitudes would all have 
the same time course and be identical ex-
cept for a stimulus amplitude-dependent 
scaling factor. Since the amplitude of 
the step signal is proportional to saccade 
amplitude (Robinson, 1970; Fuchs and 
Luschei, 1970; Schiller, 1970) the relation 
with stimulus amplitude, similarly, is prob-
ably linear in good approximation. How-
ever, the characteristics of the pulse ob-
served in oculomotoneuron firing patterns 
do not fit at all with the idea of a lin-
ear controller. First, the duration of the 
pulse increases with stimulus amplitude. 
Although there is some uncertainty in the 
literature on precisely how pulse duration 
and saccade duration are relted, there is no 
doubt that this relation is very tight. The 
fact that pulse duration is not constant for 
various stimulus displacements means that 
the controller, as defined above, is nonlin-
ear. Second, the amplitude of the pulse is 
certainly not proportional to stimulus am-
plitude (as in a linear controller)but shows 
soft saturation already at rather mod-
est amplitudes (Robinson, 1970; Schiller, 
1970). Thus, it is clear that the controller 
must account for some of the nonlinearity 
in the total system. Most work on mod-
elling on the saccadic system, with the no-
table exception of Robinson's (1975) in-
ternal feedback model, has taken this for 
granted and has concentrated entirely on 
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the problem of how oculomotoneuron sig­
nals lead to eye movements. This effort 
has resulted in various linear and nonlin­
ear models of the oculomotor plant, which 
will now be briefly reviewed. 
1.1 Models of the oculomotor 
plant 
To explore whether the oculomotor plant, 
too, contributes to the nonlinearity of the 
total system, the relation between mo­
toneuron firing rate and eye movement 
must be investigated. This relation has 
been described with a second-order differ­
ential equation (Keller, 1973; Robinson, 
1981): 
R = k-(E-ET) i- r-È \-m-E (1) 
where R is the instantaneous firing rate 
of the neuron; k, r and m are propor-
tionality constants; ET is the eye position 
where the neuron is recruited into activ-
ity and E, È, E represents eye position, 
eye velocity and eye acceleration, respec-
tively. This equation is linear except for 
the threshold Εχ which is not of much con­
cern in the total population response for 
eye positions less than 25 deg from the pri­
mary position. Equation (1) gives a very 
reasonable description for the behaviour of 
oculomotoneurons under static conditions 
and in slow movements, but provides at 
best a rough approximation for saccades. 
Introducing a pure time delay, r, ignor­
ing threshold ET and applying Laplace 
transformation on equation (1) (Robinson, 
1981) yields: 
Щ»)
 =
 (i/fc)«-"-
AR
m
(s) ( i T d + 1){аТег 4 1) [ ' 
as a transfer function for the oculomotor 
plant where E(s) represents the Laplace 
transform of eye position; Д Я
т
( 5 ) repre­
sents the Laplace transform of the change 
in agonist /antagonist motoneuron differ­
ence rate from its primary position value; 
к is a gain factor, r is a pure time-delay 
and Tei and Тег a r e time constants, ap­
proximately equal to r/k and m/r, respec­
tively. There is some uncertainty as to the 
precise values of these time constants: at­
tempts to measure the dynamic properties 
of the oculomotor plant mechanically have 
yielded shorter time constants (Keller and 
Robinson, 1971) than the electrophysiolog­
ical data suggest. This discrepancy has 
not been resolved but one factor of im­
portance may be that the weighting fac­
tor determining the effect of an individ­
ual neuron may depend on its coefficients 
к, r and m (Keller, 1981). As will be 
clear from the definition of AR
m
(s), given 
above, it is assumed in the model, embod­
ied in equation (2), that changes in ago­
nist and antagonist firing rates have oppo­
site but otherwise identical effects. Robin­
son (1968) has pointed out that a fourth-
order linear model with at least one zero 
provides a better description of the oculo­
motor plant. In later studies the simpli­
fied second-order representation [equation 
(2)] has been used in computer simulations 
of the saccadic system (Robinson, 1973, 
1975; Zee and Robinson, 1979; van Gisber­
gen et al., 1981) to illustrate that a pulse-
step input signal can generate a rapid eye 
movement even though the plant itself is 
sluggish (Robinson, 1975). In discussions 
on how abnormalities in the pulse-step sig­
nal may cause abnormal saccadic velocity 
profiles, a linear plant model has been im­
plied (Robinson, 1978; Spector and Troost, 
1981). 
The criterion used in several of these 
studies to evaluate model performance was 
whether the model could simulate the main 
sequence. A more sensitive criterion was 
used by other groups who tried to sim-
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ulate the entire saccadic velocity profile 
rather than just its duration and peak ve-
locity. Using a styliml pulse-step input 
signal and a linear plant model, Cook and 
Stark (1968) found that they could not 
match the velocity profiles of normal sac-
cades. The linear model produced an un-
realistic bulge in the deceleration portion 
of the velocity profile. Clark and Stark 
(1974): Bahill et al., (1975b) and Hsu et 
al., (1976) have shown 'see Bahill (1980), 
for a review] that using more complicated 
models which represent the total system 
by higher order, sometimes nonlinear dif-
ferential equations where agonist and aqn-
tagonist muscle have different dynamics 
and individual stylized pulse-step inputs, 
resulted in a better fit. Quite recently, 
Lehman and Stark (1983) found that, for 
their plant model, the fit was better for 
multiple-pulse than for single-pulse control 
signals. 
Inanother study relying on a complex 
plant model, Bahill et al., (1978) explored 
possible causes of glissadic overshoot in 
saccades. Working again with stylized 
pulse-step signals for agonist and antago-
nist, in which the height and the width of 
the square-wave pulse were systematically 
varied, they found that these abnormal ve-
locity profiles must be due to pulse-width 
(lather than pulse-height) errors. 
These studies, where realistic velocity 
profiles were obtained using a combination 
of a complex plant model and some ver-
sion of a reciprocal stylized pulse-step con-
trol signal pair, raise the question of what 
made the simulation successful. Is the use 
of a complex plant model really essential 
to obtain these velocity profiles? To an-
swer this question, we think it necessary to 
study the capabilities of linear plant mod-
els more thoroughly than has been done 
so far. To allow simulations with a linear 
plant model, it is necessary to make as-
sumptions about the input signals and to 
propose a transfer function for the plant. 
We will call this the forward approach. To 
improve the fit between model output and 
the experimental eye movement data one 
can change the transfer function, the input 
signal, or both. An obvious border con-
dition, to be kept in mind at all times, is 
that the input signals used should be phys-
iologically realistic. This is hardly the case 
with the stylized pulse-step signals, used 
in the forward studies carried out so far, 
where the pulse has infinitely short rise 
and decay times. Physiological data (Van 
Gisbergen et al., 1981) suggest that the 
pulse may have a rise time of about 5-10 
msec while its decay is clearly slower. It 
is conceivable that using smoothed rather 
than infinite bandwidth pulse-step signals 
would improve the capability of a simple 
linear plant, model to simulate saccade ve-
locity profiles. To explore this idea, we 
used a so-called inverse simulation method 
to contrast it with the commonly used for-
ward method (see above). The idea behind 
the inverse method is to compute the con-
trol signal that is needed at the input of a 
given linear plant model, to explain exactly 
the experimentally measured saccade. We 
have applied this method and find that the 
reconstructed control signals have several 
features which were actually found electro-
physiologically. It is suggested that the in-
verse method can show the implications of 
any linear plant model of arbitrary com-
plexity, in terms of the neural control sig-
nals it would require. 
We have reconstructed input signals for 
horizontal saccades in the amplitude range 
5-35 deg. These input signals appear to 
have smooth pulse- step profiles. Several 
parameters have been defined to character-
ize size, duration and shape of the "pulse" 
as well as the size of the "step". To il-
lustrate the implications of a given linear 
plant model explicitly, we discuss the inter-
relations among the characteristics of the 
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saccade, such as size and peak \-elocity, and 
various parameters of the reconstructed in­
put signal. In a further a t t e m p t to get 
more insight, the effects of changing the 
t ime constants in the plant model on these 
interrelations among observed output sig­
nals and reconstructed input signals have 
been explored. In the Discussion we com­
pare our results with those of neuro- phys­
iological studies in the alert monkey where 
some of these relations have been investi­
gated for individual oculomotoneurons and 
premotor neurons. 
2 Methods 
Horizontal saccades were elicited in 4 human 
subjects by a spot of light (0.4 deg, 5 cd/rrr 
which jumped, after a randomly-varying pe­
riod of 0.5-1.0 s, from the primary position 
to a randomly selected peripheral position on 
the screen, located at 57 cm from the sub­
ject. Background intensity was 1.2 cd/m2. 
Horizontal and vertical eye movementsd were 
measured with an improved version (Bour et 
al., 1984) of the double- magnetic induction 
method originally described by Reulen and 
Bakker (1982). In this method the induc­
tion current, caused by an alternating mag­
netic field, in a thin metal suction ring (thick­
ness: 0.3 mm) on the left eye. is measured indi­
rectly in a contact-free manner with a nearby 
detection coil. Raw eye-position signals were 
low-pass filtered (-3 dB at 150 Hz) and sam­
pled at a rate of 500 Hz in each channel. The 
nonlinearity, inherent in the double-magnetic 
induction method, was corrected in the com­
puter (PDP 11/45) using the raw eye-position 
signals for 85 different fixation points (Bour et 
al., 1984). Occasionally, data, for which this 
linearization procedure could not be used with 
confidence, had to be rejected. By positioning 
the detection coil eccentrically relative to the 
suction ring on the eye, a measuring range of 
0-35 deg was available in the first quadrant 
of the visual field. Resolution was 15 min of 
arc or better in the range of 0-25 deg. Veloc­
ity profiles were computed from the corrected 
eye-position signals by using a central differ­
ence differentiation algorithm ( 7 = 2 ms; Bahill 
et al., 1982). The velocity signals and the re­
constructed pulse-step signals were smoothed 
with a symmetrical digital low-pass filter (-3 
dB at 72 Hz; Rabiner et al..1970). 
2.1 Reconstruction of neural con­
trol signal for saccades 
When a linear system with impulse response 
h(t) is activated with an arbitrary input sig­
nal x(t), its response, y(t), can be computed 
straightforwardly: 
I / ( t ) - / άσΗ(σ) • x(t - σ) (3) 
Jo 
After Fourier transformation we obtain: 
Υ {ω) = Η(ω) • Χ{ω) (4) 
where ω represents angular frequency; Y(u>) 
represents the Fourier transform of output sig­
nal y(£); Η{ω) is the Fourier representation 
of the impulse response h(t), and Χ(ω) sym­
bolizes the input signal in Fourier representa­
tion. In reconstructing the neural control sig­
nal for saccades, we have used equation (2) as a 
model for Η(ω). The time delay, r, not essen­
tial for our present purpose, was ignored. By 
substituting s = ju> and combining equations 
(2) and (4), the Fourier transform of the con­
trol signal, Α'(ω), can be expressed in terms of 
the plant parameters k, Tei and Тег and the 
Fourier transform of eye position У(и>): 
X(u>) = k-{l-{ ]ωΤ6ι)·(1+ίωΤ62)·Υ(ω) (5) 
The desired neural control signal is obtained 
by inverse Fourier transformation: 
x(t) = F-l[X(u>)] (6) 
Equations (4) through (6) offer a complete 
prescription for reconstructing the neural con­
trol signal, once the linear plant model is spec­
ified. The calculations make use of standard 
techniques only and can be carried out easily 
on a computer. Fig. 1 illustrates the complete 
procedure from raw eye-position signal to in­
put signal. 
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Figure 1: Subsequent steps, necessary to obtain the reconstructed input signal from the raw 
eye-position data. The (corrected) eye position signal A, which extends from 20 msec before 
to 160 msec after saccade onset (89 data points, 2 msec apart), is expanded by adding data 
points to obtain 128 sample points, necessary for the Fast Fourier Transform (FFT). In order 
to avoid artificial jumps in the signal, which would introduce high-frequency components, the 
first data point (after smoothing the signal with a digital filter, see Methods) is forced through 
zero and then mirrored to obtain a signal which starts and ends at zero level and consists of 
256 sample points B . Subsequently, the FFT is applied D. The figure shows the modulus of 
the transformed eye-position signal from 0-100 Hz (linear scale). Gain and phase of the inverse 
plant-filter, if -1(u>), are depicted in Б as a function of frequency using Tei = 150 msec and 
Тег = 12 msec^ 
(Gain =k • yJu)*Te\Tel + ω2 • (Те* 4 Tel) + 1¡ Phase =αΙαη\ω • (Tei + Te2)/(1 - w'TeiTea)]. 
The spectrum of the input signal Х(ш) is obtained F after multiplying Υ{ω) with Я - 1 ( ц ; ) . Note 
difference in scale with D and the amplification of the higer frequencies, due to the inverse plant 
filter (proportional to ω2). Finally, after the inverse Fourier transformation, the input signal 
in the time domain is obtaine C. The figure shows the first 89 data points, which correspond 
to the eye position signal in A. The noise, present in the eye-position signal, is amplified due 
to the inverse filtering procedure and shows up particularly well in the step part of the control 
signal. Because of the magnification of the higher frequencies, inherent in the inverse method, 
the reconstruction only leads to reliable results when the measured eye movements have a high 
signal-to-noise ratio. 
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Figure 2: Properties of horizontal saccades. A: Position signals for various amplitudes after 
correction for nonlinearity; subject JVC. B: Computed horizontal velocity profiles, of saccades 
in A, smoothed digitally as described in Methods. C: Saccade duration has a roughly straight-
line relationship with saccade amplitude. D: Maximum horizontal eye velocity saturates for 
higher amplitudes. The main sequence of the saccades in С and D was fit with the functions: 
D, = a • A, + 6 and V
maj; = К0 · [l - exp -A./Ao], where D, is saccade duration; A, saccade 
amplitude; V
m(1I maximum saccade velocity; a-2.3 msec/deg; 6=23.5 msec; Vn=625 deg/sec 
and Ло = 13 deg. Number of saccades: 81. 
3 Results 
Some 500 saccadic eye movements, in the 
range 3-33 deg, were investigated in the 
present study. The illustrations presented 
in this manuscript all contain data from 
the same subject, but all conclusions hold 
equally well for the other three subjects. 
Fig. 2A shows horizontal saccades, to­
gether with their corresponding velocity 
profiles (Fig. 2B). The main-sequence pa­
rameters obtained in this (Fig. 2C,D) as 
well as in the other subjects, fall in the 
normal range described in the literature 
(Baloh et al., 1975; Bahill et al., 1975a; 
Abel et al., 1983). As can be deduced from 
Fig. 2B, the eye velocity noise-level af­
ter smoothing remained below 20 deg/sec. 
Since the inverse reconstruction procedure 
has essentially the effect of high-pass filter­
ing (Fig. 1), keeping the noise level as low 
as possible is essential for the method to 
yield reliable results. 
The potential power of the inverse 
method for the reconstruction of saccadic 
control signals is illustrated in Fig. 3, left-
hand column (the right-hand side of Fig. 
3 will be discussed later). Horizontal sac-
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Figure 3: Reconstructed pulse-step signals for normal and diazepam saccades. A: Position 
signals, B : computed horizontal velocity profiles and C: reconstructed neural control signals for 
13 normal saccades with amplitude between 23-24 deg (left-hand column) and 5 saccades with 
amplitudes between 22-23 deg, made after an intravenous injection of 7 mg diazepam (right-
hand column). Subject J V C Time scale from 10 msec before to 150 msec after detected saccade 
onset. The diazepam saccades are much slower and have longer durations than normal saccades. 
Velocity profiles and neural control signals are more skewed in the diazepam saccades and the 
dip, which appears in the reconstructed input signal for normal saccades, is absent. 
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Figure 4: Mean reconstructed pulse-step signals for saccades of various amplitudes. A: Av­
eraged eye-position signals, B: corresponding eye velocity and C: reconstructed neural control 
signals. Subject JVC Left-hand column: saccade size: 4 deg, number of saccades: 8. Middle 
column: saccade size: 19 deg; number of saccades: 6. Right-hand column: saccade size: 23 deg; 
number of saccades: 13 (obtained by averaging data shown in Fig. 3, left-hand column). 
cades with amplitudes between 23-24 deg 
(Fig. ЗА) with rather stereotyped velocity 
profiles (Fig. 3B), after applying the proce­
dure outlined above [default plant param­
eters: Tei = 150 msec; Тег - 12 msec; к 
— 4 (spikes/sec)/deg; τ — 0 sec; see equa­
tion (2)j yielded reconstructed control sig­
nals (Fig. 3C) which clearly have a pulse-
step appearance. Several additional fea­
tures are worth noticing. As can be seen, 
the pulse does not have instantaneous rise 
and decay times. The rising edge has a 
much steeper slope than the falling edge 
which causes the pulse to have a definite 
skewed profile. As might be expected be­
cause the plant is assumed to behave as a 
low-pass filter, the eye velocity profile (Fig. 
3B) lags behind and is more symmetrical. 
Note that the reconstructed control signal 
has a slight dip in the pulse-step transi­
tion which occurs nearly 10 msec before 
the eye stops moving. As follows from the 
definitions given in the Introduction, the 
reconstructed control signal represents the 
change in the agonist-antagonist motoneu­
ron difference rate associated with the sac-
cade. The fact that the dip occurs means 
that, given the assumptins made, saccades 
such as these can only be made if the ago­
nist motoneurons pause briefly and/or the 
antagonist motoneurons have a brief brak­
ing burst just prior to saccade offset. The 
pulse dip was also seen in the reconstructed 
control signals from other subjects. 
To reduce the obscuring influences of 
noise, the ensemble of signals in Fig. 3 
(left-hand column) was averaged. The re­
sulting averaged eye position, eye velocity 
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Figure 5: Definition of the various pulse-
step parameters as used in this paper. STEP 
represents the mean value of the last 20 msec 
of step signal. This level defines the offset 
moment T O F F of the (agonist) pulse. The 
onset moment ΤΌ.ν is defined as the first 
zero-positive crossing of the pulse. PMAX is 
the maximum pulse-height reached at TMAX-
DIP is the maximum deviation of the mean 
step-level after pulse offset. The total number 
of spikes in the agonist pulse is the computed 
integral of the pulse from TOJV to T O F F ( = 
pulse duration), using the expanded Simpson 
rule (Abramowitz and Stegun, 1972). 
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and reconstructed neurol control-signals 
are shown in Fig. 4A,B,C (right-hand col­
u m n ) . Similar averaged profiles were also 
computed from a small homogeneous en­
semble of 19 deg (middle column) and 4 
deg saccades (left-hand column) measured 
in the same subject. As can be seen in 
Fig. 4, the neural control signal has ob­
vious similarities with the eye velocity sig­
nal. As peak eye-velocity in the saccade 
increases, the pulse becomes larger. Fur­
thermore, larger saccades have longer du­
rations and are controlled by longer-lasting 
pulses. The pulse is more symmetrical 
in smaller saccades. A somewhat unex­
pected finding in Fig. 4 is the clear re­
versal pulse in the control signal for small 
saccades. The fact that the pulse reverses 
briefly means t h a t , given the assumptions 
made on the transfer function of the oculo­
motor plant, antagonist braking is essential 
to explain the occurrence of these velocity 
profiles (cf. Bahill et al., 1975b). Although 
these assumptions are open for discussions, 
their implications can readily be visualized 
by the reverse reconstruction method. Be­
low, further consideration will be given to 
the problem of how these phenomena de­
pend on the plant parameters , which, as 
explained in the Introduct ion, have some 
uncertainty connected with them. 
In order to determine how plant pa­
rameter values affect the relations among 
saccad parameters and features of the re­
constructed control signal, we first need 
to define certain parameters of the recon­
structed control signals (Fig. 5). Pulse 
onset, Холгі is determined as the first posi-
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Figure Θ: Some characteristic relations between various parameters of the pulse-step signals 
as defined in Fig. 5 and the saccade parameters. Subject JVG; default plant parameters. Solid 
lines: best-fit curve obtained from the horizontal saccades and calculated control signals shown 
in Fig. 2. Dot-dash lines: predicted relations for combination of stylized pulse-step input signal 
and linear plant model (see Discussion). A: Maximum horizontal eye velocity Vma* as a function 
of PMAX- Smaller saccades have a different tangent. B: Saccade amplitude is almost linearly 
related to the pulse integral. C: Saccade duration vs. pulse duration also behaves almost in a 
linear way. D: Input signals, reconstructed from short-lasting saccades, have a dip that may 
have a larger amplitude than the mean step level. This means that the net firing rate is negative 
when relative depth (calculated as DIP/STEP; see Fig. 5) exceeds 1.0. As duration increases 
the dip disappears so that active braking becomes less manifest. 
tive zero-crossing; the pulse reaches a max­
imum height, PMAX j at TMAX and will be 
defined to have its offset, T O F F , when it 
first falls below the mean step level. This 
level, STEP, is determined by the aver­
aged value of the last 10 data points of the 
signal. The size of the dip following the 
main pulse (DIP) is measured relative to 
this mean step level. 
The measures defined in Fig. 5 will 
now be used to visualize the interrela­
tions among saccade parameters and fea­
tures of the reconstructed control signal 
(default parameters; Robinson, 1973). We 
have chosen to use the format of Fig. 6 
for illustrating the implications of a linear 
plant model, because the calculations in­
volve many parameters and are too com­
plex to make a comprehensive analytical 
treatment feasible. In the Discussion we 
will comment further on the implications of 
a linear plant model and make comparisons 
with input-output relations derived from 
single-unit data in the neurophysiological 
literature. In Fig. 6 full lines depict the nu­
merically determined relationships on basis 
of the calculated control signals. Dot-dash 
lines represent the analytically determined 
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relationships on basis of hypothetical styl-
ized pulse-step signals (see Discussion). 
As might already have been surmised 
from Fig. 4, maximum pulse height has a 
monotonie relation with saccade peak ve-
locity (Fig. 6A). As will be explained in 
the Discussion section, this relation is lin-
ear in principle, but its slope will depend 
on pulse duration for short-lasting pulses. 
The relation between the number of spikes 
in the pulse and saccade amplitude (Fig. 
6B) appears to be slightly curvilinear. A 
nearly linear relation also emerges in a plot 
of saccade duration against pulse duration 
(Fig. 6C). Finally, as shown in Fig. 6D, 
the dip between pulse and step in the con-
trol signal is most obvious in short-lasting 
(small) saccades, but is small or absent in 
long-duration (large) saccades. As will be 
Figure 7: Changes in the parameters Tei or 
Te2 of the plant affect the reconstructed con-
trol signal. Note that the overall characteris-
tics of this signal remain more or less intact. 
A: Keeping Тег fixed and assigning to Tei the 
values of 200 (a), 150 (6), 100 (c) and 50 msec 
(d) results in vertical scaling of the pulse B: 
Changing Тез [20 (e), 12 (ƒ) and 7 msec {g)] 
while keeping Tei fixed results both in vertical 
scaling and a change in the shape of the pulse. 
explained later on, we think that dip size is 
more fundamentally related to saccade du-
ration than to saccade amplitude (see Dis-
cussion). 
As has been noted before (see above), 
there is no consensus in the literature on 
the precise optimum parameter values for 
a linear second-order model of the plant 
as used in this paper. To get more in-
sight in how the two time constants af-
fect the appearance of the reconstructed 
input signal for a given saccade, Tei a n d 
Тег were varied over a considerable range. 
As might have been expected, when the 
plant is made more and more sluggish by 
increasing the Tei value (keeping Тег con­
stant), a larger pulse is needed at the in­
put to cause the same output (Fig. 7A). 
Variations in Тег have less profound conse-
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quences for the peak amplitude of the pulse 
which is needed at the input, but do have a 
marked effect on its shape (Fig. 7B). Note 
that when Тег ~- 7 msec (curve marked 
g), the pulse is rather symmetrical and has 
a smooth transition to the step compo­
nent. Enlarging Тег to 20 msec (e), neces­
sitates a skewed pulse followed by a pro­
nounced dip. These examples show that 
more must be known about the dynamical 
properties of the oculomotor plant before 
definite statements on the amount of active 
braking, implied by a linear plant model, 
can be made. 
Finally, we will illustrate how the inverse 
method can be used to explore how changes 
in input signals may cause abnormal ve­
locity profiles. In the example given here 
(Fig. 3, right-hand column), saccades with 
abnormal velocity profiles were elicited by 
an intravenous injection of diazepam (see 
legend). It is well known that these sac-
cades have reduced peak velocities and pro­
longed durations (Aschoff, 1968; Jürgens 
et al., 1981; Rothenberg and Selkoe, 1981; 
Tedeschi et al., 1983) but we have found 
that, in addition, they also have a more 
skewed velocity profile than control sac-
cades (Fig. 3B, right-hand column; see 
also Van Gisbergen et al., 1984). If it is as-
sumed that after the injection the plant can 
still be approximated by an unchanged lin-
ear transfer function, the diazepam effect 
at the level of the control signal can be re-
constructed (Fig. 3C, right-hand column). 
As can be seen, the pulse has a lower peak 
value, an increased duration and a more 
skewed profile than in the normal condition 
(Fig. 3C, left-hand column). The pulse 
dip, which can be seen in the reconstructed 
control signal for normal saccades of com-
parable size, has disappeared after the di-
azepam injection. We have noted rather 
similar phenomena when saccades were ab-
normally slow due to fatigue, near the end 
of a long session. We consider the di-
azepam example useful because it suggests 
that abnormal velocity profiles may reflect 
complex modifications in the shape of the 
control signal which cannot simply be de-
scribed as changes in pulse-width (Bahill 
et al., 1978). 
4 Discussion 
4.1 Interrelations among control 
signals and saccade parame-
ters for a linear plant model 
For a given set of plant parameters, we 
have illustrated the various input-output 
relations implied by a linear plant model 
(Fig. 6). We have made clear how these 
relations depend on plant parameters (Fig. 
7). Although a complete analytical treat-
ment is not possible, some useful general-
izations can be made with regard to the 
relation between pulse duration and sac-
cade duration. This has interesting im-
plications for the relation between saccade 
duration and the necessity for active brak-
ing in the input signal (Fig. 6D). We will 
show that very short-lasting saccades can 
only be made by a linear plant if the control 
signal has a biphasic-pulse structure. For 
simplicity we will assume the linear second-
order plant model as given by equation (2) 
with time constants Tei and Тег, again 
neclecting the pure time-delay r. If such 
a time-invariant system is controlled by an 
impulse, 6(t), the impulse response of the 
system, h(t), can be described by 
^мтгг--^·
1
'""""-'"""'
1 
m 
for t ^ 0 and Te! •/ Тег- Since the ra­
tio Tei /Тег ^ 1, equation (7) implies that 
Tei accounts for the decaying part of the 
impulse response, while Тег rules the as­
cending part (Fig. 8). From here on we 
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Figure 8: Impulse response of a second order 
linear plant, determined by the two time con­
stants Tei = 150 msec and Te? - 12 msec. 
The impulse response reaches its maximum 
value at t =32.9 msec. This period of time 
is defined as the duration Df, of the response. 
The maximum value is defined as the ampli­
tude of the response. Response duration is 
mainly determined by the smaller time con­
stant Te¿ 'equation (8)'. 
define the maximum of the response to in-
put signal ι', as the amplitude Л, and the 
time up to the maximum as response du­
ration, Di. The impulse response reaches 
this maximum value at: 
_ Te, • Te2 Te, 
^ - ( т Г ^ ) · 1 1 1 ^ (8)· 
Under the assumptions made above, Dg 
is predominantly dependent on Te^. From 
equation (8) we learn that due to the slug­
gishness of the plant, an input signal of 
infinitely short duration, results in a re­
sponse that reaches its maximum value af­
ter a finite elpse of time. When the linear 
system, described by equation (2), is con­
trolled by an arbitrary input signal, it is 
straightforward to compute the response, 
applying the causal convolution integral 
[equation (3)]. It can be shown that if only 
positive-valued controller signals are used 
to control the linear plant under discus­
sion, it is impossible to make eye move­
ments with a duration of less than D(. For 
example, applying equation (3) on a styl­
ized pulse-step controller signal defined as 
x{t) = S for t> D (9) 
where Ρ is pulse-height of a sq uare-wave 
pulse, D is pulse duration and S designates 
step size, one obtains for the response du­
ration Dps'· 
Dps = 
Тег • Te2 
In l
a2| 
(Tei - Te2) ¡a, 
(10) 
x(t) 
Ρ for 0 < t < D 
where a, = [expD/Te,] • (P - S) - Ρ 
and Î = 1 ,2 . From equation (10) it can be 
shown that, according to this simple linear 
model, saccade duration is always longer 
than pulse duration. This effect is most 
pronounced in small saccades (i.e. D is 
small). When D is large compared to Te, 
and Тег one finds equal durations, while 
for very short pulse durations D, the re­
sponse duration approaches Ds (Fig. 6C; 
dot-dash curve). For the stylized-control 
signal [equation (9), and actually for ev­
ery positive-only input signal], equation 
(8) gives the minimum saccade duration. 
When Tei and Тег are 150 msec and 12 
msec respectively, this minimum duration 
is 32.9 msec. In fact, very short-duration 
saccades do indeed exist. Micro saccades 
can be as short as 15-20 msec in man 
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(Bahill et al , 1975a). The only way to 
achieve this, given our plant model, it to 
add a negative pulse at the end of the first 
one, representing acth-e braking by the an­
tagonist muscle. It is not difficult to show 
with equation (3) that by allowing a rever­
sal pulse, Z?, can be less than 32.9 msec. 
Since the input signal in our simple model 
represents the difference between the ag­
onist and antagonist motoneuron activity, 
the very short-duration saccades may re­
sult from an agonist pulse immediately fol­
lowed by an antagonist pulse. The pres­
ence of a reversal pulse in the reconstructed 
input signal (Fig. GD) explains also why 
saccade duration can approximate pulse 
duration even for small saccades (Fig. 6C), 
despite the assumed sluggishness of the 
plant. 
The relation between the total number 
of spikes in the pulse (i.e. the pulse in­
tegral) and saccade amplitude can easily 
be derived from equation (3) for a given 
input signal. However, one should realize 
that the parameters Ρ and D, determining 
the pulse integral Ρ • D, are tightly linked 
in normal saccades. Taking such a relation 
into account would lead a very complicated 
expression. Therefore, no theoretical curve 
has been drawn in Fig. 6B. 
Finally, one can compute the relation be­
tween pulse height (P) and maximum eye 
velocity (Vrnaj.) for the stylized pulse-step 
signal [equation (9)]. This results in: 
'- = ьк '
(
Мі> г " л т "~ г " , < 1 1 > 
which is linear in Ρ for pulse durations 
longer than 5^. The tangent of this rela­
tion is about 1.34 deg (default time con­
stants) and mainly determined by Tei. It 
can be shown that for D < D^ [equation 
(8) , the relation is determined by 
V - P ¡e'0 Tei-e~D Te2\ 
mai
 ~ k-(Tei-Te2) l (12). 
This means that the shorter pulse dura-
tion £), the less the slope will be (dot-dash 
curve in Fig. 6A). 
Fig. 6 shows, that the predicted rela-
tions, based on a stylized pulse-step sig-
nal [equations (9) through (12); dot-dash 
lines], do not agree in detail with the com-
puted relations of the reconstructed control 
signals (full lines). The discrepancy in Fig. 
GC is especially pronounced in small sac-
cades. This can be fully understood from 
the occurrence of active braking. Small 
saccades theefore have shorter durations 
than will be predicted by positive-only 
pulse-step control signals. Maximum eye 
velocity appears to be somewhat lower 
than predicted for stylized pulses (Fig. 
6A). This is what one might expect: be-
cause the stylized pulse remains at max-
imum height throughout, it will yield a 
higher maximum velocity than a smoothed 
pulse with the same peak height. 
Now that the implications of a linear 
plant model have been discussed at some 
length it is interesting to make a compari-
son with neurophysiological data. 
4.2 Relations between firing pat-
terns of premotor and mo-
toneurons and saccade pa-
rameters 
The comparison between firing patterns of 
premotor and motoneurons and saccade 
parameters poses some problems, which 
are worth pointing out. First, the recon-
structed control signal is the total effect of 
a population of neurons, wheras the neuro-
physiological data are derived from single 
cells. Second, the reconstructed signal is 
the net difference of agonist and antagonist 
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neurons which, again, cannot be measured 
as such in neurophysiological experiments. 
Despite these inherent difficulties in mak-
ing any comparisons at all, we are struck 
by the similarities in general appearance 
of the control signals reconstructed in this 
paper and those measured, by averaging 
instantaneous firing rates over a number 
of repeated identical trials, from medium-
lead burst cells and oculomotoneurons in 
the alert moneky (Van Gisbergen et al., 
1981). In this same study also evidence 
was found for active braking in ci few antag-
onist motoneurons, which indirectly sup-
port the conclusions in the present pa-
per. Electromyographic data (Sindermann 
et al., 1978) also suggest that active brak-
ing may be of importance in the control of 
human saccades. This paper shows that 
this should be relevant especially in the 
case of small saccades (Figs. 4C, 6D). 
It should be added, however, that recent 
recordings from oculomotoneurons during 
saccades in the monkey (Goldstein, 1983) 
did not provide evidence for active brak-
ing. This study showed that the idea of a 
pulse-step-like control signal is not correct. 
Goldstein found a pulse-slide-step control 
signal, where the slide has an exponentil 
time-course with a time constant of 70-90 
msec. He argues that a second-order lin-
ear model with one zero provides a better 
description of the oculomotor plant than 
equation (2). 
The best-fit line in Fig. 6C shows that 
the reconstructed pulse has a duration 
which is about 80% of saccade duration 
for small saccades. A thorough study of 
this relationship has not yet been made. 
The data, available in the neurophysio-
logical literature (Robinson, 1970; Luschei 
and Fuchs, 1972; Keller and Robinson, 
1971; Van Gisbergen et al., 1981; King and 
Fuchs, 1979; King et al., 1976) suggest that 
pulse duration is slightly below or nearly 
equal to saccade duration. 
Although the relation between peak fir-
ing rate of motoneurons and premotor neu-
rons and peak eye velocity in saccades 
has not been investigated as thoroughly as 
one might wish, the general idea gained 
from the literature is that this relation is 
nonlinear (Robinson, 1970; Schiller, 1970; 
Keller, 1974; Van Gisbergen et al., 1981). 
This nonlinearity also causes plots of num-
ber of spikes vs. saccade amplitude to 
have a positive intercept (Henn and Cohen, 
1976; Büttner et al., 1977; King and Fuchs, 
1979; Van Gisbergen et al., 1981; Hepp and 
Henn, 1983). This brief survey indicates al-
ready that the idea of a linear plant model 
is a simplification. Although this is gen-
erally known, linear plant models continue 
to be used in oculomotor research. This 
is understandable: many phenomena can 
be reasonably understood without resort-
ing to complicated nonlinear models. It is 
well known that the oculomotor plant con-
tains several nonlinearities. Accordingly, 
there is no doubt that, ultimately, a com-
plete understanding of this complex system 
will have to be based on nonlinear mod-
els. This does not mean that it is a waste 
of time to explore the explanatory power 
of linear models further. On the contrary, 
to evaluate how much better a nonlinear 
model does than a linear model, the lat-
ter must have been explored in depth first. 
Although it cannot settle the question of 
whether the oculomotor plant is really non-
linear or not, the inverse method described 
in this paper appears to be a useful tool 
for this purpose. It has revealed some in-
teresting implications of widely used lin-
ear models which, so far, have not received 
the attention they deserve. We think the 
inverse reconstruction method could also 
have useful applications in clinical as well 
as neurophysiological research on oculomo-
tor control. 
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Abstract 
A quantitative model for the generation of saccades is presented based on the 
accepted notion that saccade metrics is coded in the deeper layers of the superior 
colliculus by the population of recruited movement-related cells. The model has 
important features derived from electrophysiological data in the monkey: a non-
homogeneous and anisotropic alferent-mapping function relating the outside visual 
world to collicular coordinates and a dome-shaped activity profile in the deeper 
layers which describes the spatial extent of the recruited movement-cell population 
(Ottes et al, 1986). It is proposed that each cell generates a small movement con-
tribution which is determined by the neuron's location in the collicular map and 
its firing rate. The individual cell contributions are then added vectorially to yield 
the total saccade. The model (7 fixed parameters) can generate saccades to single 
visual stimuli in all directions and simulate electrical stimulation experiments. To 
account for some nonlinear properties of the saccadic system in the computation of 
saccade metrics, a nonlinear version of the linear addition model is discussed. 
Keywords: Monkey Superior Colliculus - Saccades - Neural ensemble coding -
Quantitative model. 
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1 Introduction 
The upper layers of the superior collicu-
lus (SC) contain a non-homogeneous rep­
resentation of the retina: the retinotectal 
projection near the fovea occupies a pro­
portionally much larger part of the col­
licular surface than any peripheral retinal 
area of comparable size. A similar topo­
graphical arrangement is found in the mo­
tor colliculus: a relatively large part of the 
deeper layers is dedicated to the generation 
of small saccadic eye movements, while 
large saccades are represented in a much 
smaller collicular area (Sparks, 1986). It 
was found by Schiller and coworkers that 
the visual receptive fields of superficial cells 
and the movement-relat ed activity in the 
deeper layers are approximately in register 
(Schiller and Koerner, 1971). They showed 
that saccades elicited by local electrical 
stimulation in the deeper layers resemble 
the optimal saccade of nearby movement-
related cells. This property will be desig­
nated in this paper as Schiller's relation­
ship. 
It is generally agreed that the genera­
tion of saccadic eye movements involves 
a large population of recruited movement 
cells. This is suggested by the fact that 
a particular movement cell will be active, 
not only when the optimal saccade is made, 
but for a fairly large range of saccade am­
plitudes and directions (the so-called move­
ment field). It seems most parsimonious 
to assume that the entire ensemble of ac­
tive movement-related neurons contributes 
to the execution of the eye movement. If 
one tries to understand the function of the 
motor colliculus in the generation of sac­
cadic eye movements, the characteristics of 
the topographical mapping, as well as the 
notion of ensemble coding have to be taken 
into account. It will appear below, that it 
is possible to incorporate both SC move­
ment field data and the properties of the 
mapping in a quantitative model with a 
fixed number of recruited movement-cells 
which can generate normometric saccades 
over a wide range of sizes and directions. 
The model has 7 fixed parameters (Van 
Gisbergen et al., 1987), most of which can 
be extracted from experimental data (see 
Ottes et al., 1986). 
2 The model 
In the model we have quantified ideas 
about collicular function which were al­
ready expressed heuristically by Mcllwain 
(1982) and Sparks et al. (1976). These 
authors proposed the possibility that ev­
ery recruited movement cell in the motor 
colliculus generates a small vector contri­
bution to the total saccade. The ques­
tion which arises is how a normometric 
saccade can be generated when all these 
small movement contributions are added 
together by the motor system (see Fig. 1). 
In order to find out if such a scheme can 
really work, a model has to be formulated 
in mathematical terms. Recently the affer­
ent mapping onto the surface of the mon­
key SC has been described (Ottes et al., 
1986), by applying a similar mathematical 
function as was proposed earlier for area 17 
(Schwartz, 1980). The colliculus is repre­
sented in a Cartesian coordinate grid (u, v) 
upon a flat surface. The afferent logarith­
mic mapping function relates retinal loca­
tion [(R, Φ); expressed in degrees] to col­
licular location [(u, v); in millimeters]. 
A second feature of the model accounts 
for the spatial extent of motor activity in 
the deeper layers, prior to and during sac-
cade generation. It is assumed that around 
the center of activity, determined by the 
afferent map, a point stimulus gives rise 
to a circularly-symmetrical population of 
active cells. The center of the popula­
tion will be activated maximally, while the 
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Figure 1: Possible mechanism for ensemble coding of saccade metrics. In A and В the outline 
of a cat's superior colliculus is shown, with the approximate location of the horizontal and verti­
cal meridian representations. Vertical (horizontal) arrows symbolize connections to up and down 
(right) pulse generators of the oculomotor system. In A a stimulus is applied at the collicular 
location representing a 5 deg horizontal saccade. In B, at the (30,0) deg position. The active 
population is indicated by a clear disk. Equal numbers of up and down arrows are incorporated, 
so that the total vector sum will yield a horizontally directed saccade. (Modified after Mcllwain 
(1982), with permission). 
decay in activity with distance from this 
point is described by a two-dimensional 
Gaussian function with a maximum of 500 
spikes/sec and a 'standard deviation' (σ) 
of 0.5 mm. These parameters were deter­
mined by Ottes et al. (1986) from a small 
sample of collicular motor fields. For sim­
plicity it is assumed, like in Fig. 1, that the 
activity profile is translation invariant for 
different target locations, except for trun­
cation effects at the collicular border (Van 
Gisbergen et al., 1987). 
The description of the model, given so 
far, specifies how a visual point stimu­
lus leads to a population-activity profile of 
movement cells in the deeper layers. In or­
der to understand how such a population 
of active cells can yield a normometric eye 
movement, additional assumptions about 
the connections of these cells to the hori­
zontal and vertical burst generators of the 
saccadic system downstream, have to be 
made. It has been proposed (Sparks et al., 
1976; Mcllwain, 1982; Scudder, 1985) that 
these functional connections must be dif­
ferent from neuron to neuron, depending 
upon the precise position in the collicular 
map (see Figs. 1 and 4). The problem to 
be solved is how translation of the active 
population of movement-related cells (the 
clear disk in Fig. 1) within this map can 
affect saccade size (and direction). Since 
electrophysiological data do not suggest ei­
ther that cells associated with the gener­
ation of larger saccades have higher firing 
rates (Sparks and Mays, 1980) or that they 
are more numerous (Ottes et al., 1986), it 
seems plausible that these neurons must 
Colhcular Efferent Mechanisms 
A B С 
„1 1 J 
61 
F(u) 
r(u) 
RETINA 
MAPPING 
MOVEMENT CELL 
ACTIVITY 
MOVEMENT 
POTENTIAL 
Figure 2: Schematic one-dimensional representation of the minivector model. When the stim­
ulus is moved to different retinal positions {А, В and C), the activity profile [F(u)] shifts, but 
its dimensions remain invariant. Despite this, model saccades to А, В and С are normometric 
due to the highly nonlinear (roughly exponential) efferent mapping function [r(u)] (see text). 
have stronger connections with the motor 
system (Scudder, 1985; Van Gisbergen et 
al., 1987). As indicated in Fig. 1, cells sit­
uated in different parts of the motor map 
must differ also in the direction of their 
movement contributions by having differ­
ent connectivities with the horizontal and 
vertical subsystems downstream (Sparks et 
al., 1976; McIKvain, 1982; Van Gisbergen 
et al., 1987). In our model, each move­
ment cell has efferent connections so as to 
produce a movement contribution in the 
direction (Ф) of the locally represented ex­
ternal world point, once it is activated. In 
line with Schiller's relationship (see above) 
the model's efferent mapping is inversely 
related to its afferent mapping. Since the 
afferent mapping is a logarithmic function, 
the functional strengths of the efferent con­
nections [r(ti, v)] must increase approxi­
mately exponentially with distance from 
the foveal representation in the map (see 
Figs. 2 and 4). 
At this point it becomes important to 
specify how each movement cell, endowed 
with the unique movement potential re­
flecting its efferent connections, actually 
contributes to the total eye movement 
when it becomes active. We assumed that 
the minisaccade vector has a fixed direc­
tion, typical for each cell, and an ampli­
tude graded with the neuron's firing rate 
and its movement potential. The simplest 
way to quantify this hypothesis is to as­
sume a linear relation between firing rate 
and the amplitude of the movement con­
tribution C,{u, v) of cell г at location (u, v) 
(Van Gisbergen et al., 1987): 
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Figure 3: Results of model simulations. A: Model output to visual stimuli in first quad­
rant. B: Simulations of electrical stimulation experiments of Robinson (σ = 0.5 mm) for various 
sites representing an eccentricity of 30 deg. C: Effect of electrical stimulus intensity. Currents 
were such as to produce σ values of 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mm, respectively. 
C t(ti,v) = oi-Fx{4,v)-Tx{u,v) (1) 
where r,(u, r) is the neuron's potential 
to generate movement, determined by its 
efferent connection strength; F,(u, r) is the 
firing rate of the cell under study and α is a 
scaling parameter which is assumed to re­
main constant under all conditions and to 
be identical for all cells of the motor col-
liculus (Fig. 2). The total saccade vector 
5, generated by the model, is calculated as 
the vector sum over the total active ensem­
ble: 
ft 
S — >J МДи, v) (2) 
1 = 1 
where МДи, ν) = [С,(и, ),Ф,(и, )] and 
N is the number of active cells. It is not 
trivial to see right away that equation [2] 
will be able to yield normometric saccades. 
First, many cells of the population will gen­
erate wrongly directed vector contributions 
(Fig. 1) and the question arises whether 
wrong components in one direction will be 
fully compensated for by wrong compo­
nents in the other direction. A second un­
certainty which requires simulations to be 
resolved is illustrated in Fig. 2. For the 
sake of argument, assume for the moment 
that the system is one-dimensional. In 
such a system the presentation of a target 
at different excentricities А, В and С cre­
ates broad profiles of movement cell activ­
ity, F(u). Since each cell has a fixed move­
ment potential, r(u), it is not trivial that 
the total saccade, S = a-$2¡=i ^і( и )" г і( и )> 
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will yield a saccade size which is appropri­
ate for each stimulus position. Because the 
problem, especially in the two-dimensional 
case, is too untractable to be solved ana­
lytically we have explored the explanatory 
power of the model by computer simula­
tions (Van Gisbergen et al., 1987). 
3 Simulation results 
As shown in Fig. ЗА, normometric sac-
cades can be generated by the model over 
a wide range of stimulus amplitudes and 
directions (Van Gisbergen et al., 1987). 
However, when stimulus amplitude reaches 
an eccentricity of about 55 deg, saccade 
gain starts to drop. This effect, in the 
model, has its basis in the fact that the col­
liculus has finite dimensions (in the model 
и ranges between 0 and 4.95 mm). There­
fore, as the center of activity moves to­
wards the edge of the colliculus (і?=100 
deg), fewer and fewer cells will contribute 
to the execution of the saccade (Van Gis­
bergen et al., 1987). Simulation of Robin­
son's electrical stimulation data (Robin­
son, 1972) resulted in a good correspon­
dence with the actual data (Van Gisber­
gen et al., 1987). When the stimulating 
electrode moves towards the representation 
of the vertical meridian (Ф — 90 deg, Fig. 
3B), the resulting model saccade differs 
from the optimal saccade of the local move­
ment fields in two respects: the direction of 
the elicited saccade is tilted away from the 
vertical by about 15 deg and, the ampli­
tude of the elicited saccade is only half the 
amplitude of the optimal saccade. Thus, 
the model predicts that Schiller's relation­
ship (see Introduction) cannot be valid at 
the collicular borders. The first prediction 
is supported indirectly by Robinson's data 
where saccades with a direction of more 
than about 80 deg could not be elicited 
by stimulation in one colliculus (Robinson, 
1972). More experimental work needs to 
be done to test both predictions of the 
model quantitatively. When stimulus in­
tensity was reduced to near threshold level, 
it was assumed that the spatial extent of 
the active population (cr) was proportional 
to л/7, where I is the electrical current in­
tensity (Stoney et al., 1968; Alexander and 
Delong, 1985). Peak firing rate was kept at 
500 spikes/sec. It was found that saccade 
amplitude increased with the intensity of 
the electrical stimulus while its direction 
remained constant (Fig. 3C). This result 
is supported by literature data (Sparks and 
Mays, 1983) (see Discussion). 
4 Discussion 
The vector addition hypothesis: electrical 
stimulation. The results of the electrical 
stimulation simulations were quite satis­
factory, but two qualifications need to be 
made. These concern nonlinear phenom­
ena which cannot be explained by a linear 
addition model. First, when it is assumed 
that stimulus intensity affects the spread 
of the Gaussian activity profile, the ampli­
tude of saccades should increase with stim­
ulus intensity, while their direction should 
be constant. There are reports in the liter­
ature confirming that this trend exists for 
a range of stimulus intensities just above 
threshold (Sparks and Mays, 1983), but 
for higher intensities saccade amplitude ap­
pears to saturate (Robinson, 1972). Sec­
ond, simultaneous stimulation at two sites 
in the monkey colliculus does not yield a re­
sponse which is a linear summation of the 
two separate stimulation effects, as would 
be predicted by our model. Instead, the 
saccadic system responds with a saccade 
that is directed at a compromise position 
in between the two single stimulation goals 
(Robinson, 1972). The endpoint of this av­
eraging saccade is influenced by the relative 
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TO MLBs 
Figure 4: Proposed relative strengths of connections between movement-related cells (1 through 
4) in the left SC and long-lead burst cells (LLBs) with various on-directions (U - up; D = down; 
R - right; L = left). Synaptic strength is indicated by black disks of various sizes. Note that 
these strengths depend on collicular location. Lines of equal stimulus eccentricity (R = 5, 10. 
20, 30, 40 and 50 deg, respectively) and equal direction (Φ = -90, -45, 0, 45 and 90 deg) have 
been superimposed on the collicular surface (coordinates [u,v] in mm). Note that the mapping 
behaves logarithmically along the u-axis and, for large eccentricities, depends linearly on Φ (see 
Ottes et al. (1986), for more details). 
intensities of the two stimuli. It is possible 
that these shortcomings of the model, as 
well as its unrealistically small oculomo­
tor range of only 55 deg, reflect its lack 
of a nonlinear mechanism which performs 
a scaling of the total activity in the col­
licular map. In the l i terature it has been 
suggested that some sort of nonlinear scal­
ing, like a center of gravity computat ion, 
is applied by the saccadic system when 
saccade ampl i tude is determined (Findlay, 
1982; Ottes et al.. 1984). It can be de­
duced from low-intensity electrical stimula­
tion experiments (Sparks and Mays, 1983) 
that , if a center of gravity computat ion oc­
curs, it is probably not perfect. A perfect 
center of gravity computing system would 
even generate a normal saccade in the ex­
treme case where just one single cell would 
be active which, of course, is a very un­
likely s i tuation. Indeed, the low-intensity 
experiments hint that at near threshold the 
system behaves roughly linearly, while only 
at higher intensities some nonlinear mech­
anism emerges (Sparks and Mays, 1983). 
These phenomena may still be the outcome 
of a single mechanism, which can be char­
acterized by a slightly changed version of 
equation [1]. Suppose that the ampli tude 
of the movement contribution of neuron ; 
is computed by: 
N 
Cl(u,v) = \-J2Fl(u,v)-rt(u,v) (3a) 
where A 
κ + Σ^ΡΛ*,· 
(36) 
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In equation (3b) A" is a constant 
(spikes sec). Thus, in contrast to scaling 
constant α in equation (1), scaling param­
eter 0 now depends on the total activity of 
the motor colliculus. Assuming that for 
small values of N (low stimulus intensi­
ties), К dominates the numerator, equa­
tion (3b) becomes equivalent to equation 
(1) and the process is linear. For high stim­
ulus intensities, К may be neglected, so 
that S approximates the center of gravity 
of the activity profile. Relying on equation 
(3b) and making use of the experimental 
relation I = m -f ρ • ρ2 , where ρ is the ra­
dius of excited tissue and m and ρ are con­
stants, it can be shown that saccade ampli­
tude depends sigmoidally on applied cur­
rent intensity (I) (Sparks and Mays, 1983). 
Although a physiological model performing 
this kind of nonlinear scaling has been de­
scribed (Reichardt et al., 1983), at the mo­
ment equation (3) is intended to be purely 
descriptive and leaves open whether the 
nonlinear effects at higher intensity lev­
els occur within the colliculus, by affecting 
F ^ Í Í , v), or in the system downstream, by 
affecting the functional efferent connection 
strengths. 
Incorporation m a more complete model 
of the saccadic system. At this point one 
may wonder whether the simple minivec-
tor model can be incorporated in exist-
ing models of the saccadic system. So 
far, the only quantitative model of the sac-
cadic system which also includes the motor 
colliculus has been developed by Scudder 
(1985). This model, too, assumes that sac-
cade dimensions are determined by both 
the total number of spikes in the collicu-
lar motor burst and by synaptic weight-
ing which is related to the locus of col-
licular activity. The spatial weighting de-
termines the connectivity of each partic-
ular locus with the horizontal and verti-
cal saccade burst generators. Despite the 
fact that the model does not account for 
population activity in the colliculus, the 
similarities with equation (1) and (2) are 
quite obvious. The connections between 
collicular movement cells and the various 
classes of LLBs proposed by Scudder are 
illustrated in Fig. 4 with the appropri-
ate synaptic weightings used in our own 
model. In the present paper we have lim-
ited ourselves to the well-established col-
licular role in the specification of saccade 
metrics. Model simulations allowing one 
to investigate also the implications of our 
scheme for the dynamic properties of sac-
cades are certainly possible but much be-
yond the scope of this study. 
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Abstract 
An earlier model for the collicular role in the generation of saccades (Van Gisber-
gen et al., 1987), based on ensemble coding and linear vector addition of movement 
contributions from independent movement cells, yields normometric saccades in all 
directions over a considerable range of amplitudes. The model, however, cannot 
account for two nonlinear phenomena which are known from collicular electrical 
stimulation experiments: 1) saccade amplitude has a roughly sigmoid dependence 
upon current strength and 2) two electrical stimuli applied simultaneously at dif-
ferent sites yield a response that resembles a weighted average of the individual 
responses. In the present paper we propose an intracollicular mechanism which, 
based on lateral spatial interactions in the deeper layers of the colliculus, results 
in nearby excitation and remote inhibition when current is applied. Both nonlin-
ear phenomena can thus be explained. The possibility of excitatory and inhibitory 
collicular interactions is supported by recent evidence in the literature. The nonlin-
earity in the model, essential to explain the electrical stimulation findings, resides 
in the input-output characteristic of the deeper layer movement cells. The results, 
obtained by quantitative simulations with the model, are discussed together with 
possible alternative explanations. 
Keywords: - ensemble coding model - electrical double stimulation - nonlinearity 
- lateral interactions. 
"to be published in Biological Cybernetics 
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1 Introduction 
1.1 Early models of the superior 
colhculus 
The well-established fact that cells in the 
deeper layers of the Superior Colliculus 
(SC) possess quite extensive movement 
fields (Wurtz and Goldberg, 1972; Sparks 
et al., 1976; Sparks and Mays, 1980) im-
plies that a large population of these so-
called movement cells is active whenever 
a saccade is executed. It is known from 
single unit and electrical stimulation stud-
ies (Schiller and Stryker, 1972) that the 
motor colliculus is a topographically orga-
nized structure which embodies a so-called 
motor map (Robinson, 1972). Sparks et 
al. (1976) and Mcllwain (1976,1982) pos-
tulated that every cell in the active popu-
lation contributes to the total saccade by 
generating a small movement contribution 
whose size and direction depend on the 
cell's location in the collicular motor map. 
Vectorial summation of all these individ-
ual movement contributions in the system 
downstream then would yield the actual 
saccade vector. It is well established that, 
while activity in the rostral colliculus yields 
a small eye movement, a larger saccade re-
sults when the active population of collic-
ular movement cells shifts more caudally 
(Robinson, 1972; Sparks et al., 1976; Mcll-
wain, 1982). To explain this finding, Mcll-
wain (1976,1982) and Sparks et al. (1976) 
proposed that cells in the caudal part of 
the colliculus yield larger movement con-
tributions than more rostral cells. 
To account for the relation between the 
location of activity in a large population 
of collicular movement cells and the metri-
cal properties (i.e. amplitude and direc-
tion) of the ensuing saccadic eye move-
ment we have recently proposed a quan-
titative model of the monkey SC (Van 
Gisbergen et al., 1987; Van Opstal and 
Van Gisbergen, 1988). As pictorially sum-
marized in Fig. 1, the model incorpo-
rates the basic ideas about the role of en-
semble coding in collicular function first 
expressed by Mcllwain (1976,1982) and 
Sparks et al. (1976). These notions 
were expressed mathematically and elec-
trophysiological data from a small num-
ber of movement cells (Ottes et al., 1986), 
together with Robinson's (1972) electrical 
stimulation map were used to estimate the 
fixed parameters of the ensemble-coding 
model (Ottes et al., 1986; Van Gisbergen 
et al., 1987). 
In this paper we explore the possible role 
of lateral interactions in the deeper layers 
of the superior colliculus in order to explain 
two findings from collicular electrical stim-
ulation experiments that cannot be un-
derstood from the simple ensemble-coding 
model: (1) saccade amplitude and electri-
cal current strength are nonlinearly related 
(Sparks and Mays, 1983); (2) the appli-
cation of two simultaneous electrical stim-
uli at different collicular sites causes sac-
cade averaging responses (Robinson, 1972; 
Schiller and Sandell, 1983; see below). 
Since the present model is an extension 
of the originally proposed ensemble-coding 
model, the latter will be briefly described 
first. For a full description of the model 
we refer to the original papers (Ottes et 
al., 1986; Van Gisbergen et al., 1987; Van 
Opstal and Van Gisbergen, 1988). 
Basically, the ensemble-coding model 
consists of three serially-arranged stages 
denoted as the afferent mapping mecha-
nism, the population activity profile and 
the efferent mapping mechanism, respec-
tively (Figs. 1 and 2). The afferent map-
ping mechanism describes the collicular lo-
cus of the center of movement-cell activ-
ity for each target location in visual space 
by a two-dimensional complex-logarithmic 
function (Fig. 2A). It was found by Ottes 
et al. (1986) that the spatial extent of 
70 Chapter V 
TARGET POSITION SACCADE 
AFFERENT MAPPING 
H 
V 
' 
M 
¿0 80" 
POPULATION ACTIVITY 
PROFILE 
EFFERENT 
MAPPING 
MOTOR SYSTEM 
Figure 1: Scheme summarizing the ensemble coding model of Van Gisbergen et al. (1987). 
The presentation of a visual stimulus at (Дт = 20, Фт = 45 deg) gives rise to a Gaussian-shaped 
population activity profile at the corresponding location in the deeper layers of the colliculus 
(afferent mapping stage). Each movement cell is connected to the horizontal (H), and vertical 
(V) premotor systems through connection strengths Рн and JV, respectively. 
As symbolized by the size of the synaptic connections with H and V, caudal cells (e.g. 1,2 
and 3) have stronger efferent connections than more rostral cells (4). Equal direction (-90,-
45,0,+45,+90) and equal magnitude (2.5,5,10,20,40,80) contours of the movement potential of 
each movement cell have been depicted superimposed on the colliculus. Depending on the loca­
tion relative to these equal direction contours, the cells are connected to the horizontal (1), the 
vertical (2) or both subsystems (3 and 4). The equal magnitude contours specify the strength 
of these synaptic contacts. 
The motor system, M, represents the mechanical geometry of the six eye muscles. For simplicity 
it is assumed, in the model, that the eye muscles are orthogonally organized along the three 
cardinal directions (horizontal, vertical and torsion). Effectively there is no net torsion in the 
model for visually-guided saccades (Listing's law), since none of the movement cells is endowed 
with a torsional movement contribution. All contributions of the recruited cells are summed at 
the motor stage and finally result in an eye movement that is directed to the position of the 
stimulus. 
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F i g u r e 2: One-dimensional representation 
of the ensemble coding model of Van Gisber­
gen et al. (1987). 
A. The afferent mapping function determines 
the collicular locus, u... [mm from the foveal 
representation], corresponding to target eccen­
tricity, RT [deg], by the logarithmic function: 
Uc = B
u
 In 1 + -f-, where A = 3.0 deg and B
u 
= 1.4 mm. 
B. The active population, F(u), is centered 
around Uc and is described by a Gaussian func­
tion [σ = 0.5 mm; F
m
ax — 500 spikes/sec]. 
C. The efferent mapping function, P(u) , de­
scribes the connection strength of each cell 
with the premotor system downstream by the 
exponential function: P{u) — A • (exp -£— 1 ). 
Note that P(u) is the mathematical inverse of 
the afferent mapping function. 
D. The actual contribution of a recruited cell, 
M(u), is given by the product, α · F(u) • P(u) 
(see text). The amplitude of the saccade is 
then determined by linear summation of all 
cell movement contributions. 
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the population of recruited movement cells, 
whose center location is determined by the 
afferent mapping function, can be approx­
imated by a Gaussian function with an es­
t imated s tandard deviation (σ) of about 
0.5 mm (see Fig. 2B). In the ensemble-
coding model the activity profile is transla­
tion invariant except for t runcat ion at the 
collicular borders. T h e efferent mapping 
mechanism of the model (Fig. 2C) speci­
fies how each active cell contributes to the 
total saccade. The contribution of a par­
ticular movement cell in the model is de­
termined by its firing ra te and the nature 
and the strength of its efferent connections 
which specify its potential to create move­
ment. To express this potential mathemat­
ically, Van Gisbergen et al. (1987) assigned 
a so-called movement-potential vector to 
each movement cell (see legend Fig. 2). Al­
though this is certainly a simplification, 
(see e.g. Ferman et al., 1987) it was as­
sumed t h a t Listing's law (Carpenter, 1977) 
is valid for visually-elicited saccades start­
ing in the primary position. Accordingly, 
the movement potential vector is defined 
in a two-dimensional (horizontal-vertical) 
motor frame. 
Finally, as proposed by Sparks et 
al. (1976) and Mcllwain (1976,1982), 
all individual movement contributions are 
summed vectorially in order to determine 
the metrics of the saccade (Fig. 2D). 
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1.2 Evaluation of the ensemble-
coding model 
It appeared that the ensemble-coding 
model, despite its extreme simplicity, can 
produce normometric saccades in all direc-
tions over a considerable amplitude range 
and can simulate both Robinson's (1972) 
electrical stimulation map of the monkey 
colliculus and the shape of movement fields 
of deeper-layer collicular cells (Ottes et al., 
1986). In the simulations of Robinson's 
electrical-stimulation data it was assumed 
that the suprathreshold electrical stimulus 
in his experiments always created the same 
population-activity profile. However, it is 
known that lowering the electrical stimulus 
strength, which affects the size of the active 
population (Stoney et al., 1968; Alexan-
der and Delong, 1985; see also below), 
causes saccade amplitude to shrink (Sparks 
and Mays, 1983). The existing ensemble-
coding model fails to account for this re-
lation between current strength and sac-
cade amplitude and, in particular, cannot 
explain why saccade amplitude does not 
increase further beyond a certain current 
strength (Van Opstal and Van Gisbergen, 
1988). 
There is an additional consistent finding 
in electrical stimulation experiments which 
cannot be understood from the existing 
ensemble-coding model: when two electri-
cal stimuli are applied simultaneously at 
different sites in the deeper layers (Robin-
son, 1972) the resulting saccade resembles 
a weighted average of the two individual 
stimulation effects. The weighting factors 
depend upon the relative current strengths 
at the two sites. This effect cannot be 
explained by the existing ensemble-coding 
model which always predicts that the sac-
cade is the linear vector sum of the two 
stimulus contributions. In this context it is 
useful to note that since the nonlinear af-
ferent and efferent mapping are the inverse 
of one another, the overall behaviour of the 
ensemble coding model, except for border 
truncation effects, is linear. Therefore it 
is understandable that it can explain nei-
ther the averaging phenomenon nor the sig-
moid relation between saccade amplitude 
and electrical current strength which both 
require an overall nonlinear model. 
1.3 Can averaging be due to col-
licular lateral interactions? 
We first wish to consider briefly two logi-
cal possibilities for including a nonlinearity 
in the model to explain the double stimu-
lation experiments and the saturation of 
saccade amplitude for high stimulus inten-
sities. First, the nonlinearity may be an 
intracollicular mechanism: in the case of 
electrical double stimulation in the deeper 
layers, the population activity profile re-
sulting from simultaneous stimulation at 
two locations is almost certainly not simply 
the linear sum of the individual stimula-
tion effects. Second, the nonlinearity may 
be located downstream of the colliculus. 
For example, it might be supposed that 
the movement contribution of a given cell 
is not solely determined by its own firing 
rate, but is scaled down dependent upon 
the total movement cell activity of the col-
liculus. This possibility will be discussed 
below (see Discussion). 
This paper explores how intracollicu-
lar interactions may be responsible for 
the nonlinear effects described in electri-
cal stimulation studies. Before the revised 
model is presented we review some recent 
experimental work which supports the no-
tion of intracollicular spatial interactions. 
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1.4 Evidence for lateral interac­
tions in the superior collicu-
lus 
It was found by Mcllwain (1982) that intra-
collicular electrical st imulation in the inter­
mediate gray layer of the cat induces spike 
activity in cells up to 1 m m from the stim­
ulation site. Since t h e latency had a mean 
value of about 1.5 msec it was argued that 
the resulting activity could not merely be 
due to current spread or to antidromic acti­
vation of the recorded cell. Mcllwain sug­
gested t h a t lateral excitatory connections 
within the collicular layer over a consider­
able distance are probably responsible. 
Quite recently Douglas and Vetter (1986) 
have claimed the existence of lateral in­
hibitory interactions in the cat 's colliculus. 
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F i g u r e 3: One-dimensional scheme of the 
various steps from electrical stimulation to 
population activity profile in the new model. 
A. Application of current, ƒ, to the deeper 
layers excites cells, surrounding the electrode 
tip, according to a Gaussian function, £(u, I). 
The width of the excitation profile, σα, de­
pends on current strength according to the re­
lation shown in Fig. 4. 
B. Each excited cell exerts inhibition on all 
other cells, except on itself. The lateral 
transmission function, T(ii), has a constant 
strength, B, throughout both colliculi. 
C . The combined effect of excitation (A) 
and lateral inhibition (B), found by convolu­
tion, leads to a distribution of cell membrane-
potentials, C(u), characterized by local exci­
tation and remote inhibition. 
D . The firing rate, Ft, of a particular cell, i, 
depends nonlinearly on its membrane poten­
tial, C,: for negative potentials the cell will 
not be recruited (F,—Q) wheras for positive С 
firing rate increases linearly up to the maxi­
mum activity of 500 spikes/sec. It is assumed 
that movement cells have no resting activity 
and that the recruitment threshold is 0 mV. 
E. Applying the nonlinear input-output char­
acteristic of each movement cell (D) on the 
total distribution of cell membrane-potentials 
(C) finally yields the population activity pro­
file, F{u). 
After application of g lutamate, used to in­
crease the collicular background firing rate, 
subsequent electrical st imulation at a par­
ticular site produced a noticeable decrease 
of the background firing rate throughout 
b o t h colliculi after latencies between 3-10 
msec. Following section of the intertec-
tal commissure the contralateral inhibition 
disappeared suggesting that the commis­
sure carries an inhibitory signal between 
the two colliculi. Douglas and Vetter pro­
posed t h a t the lateral inhibition is medi­
ated through a layer of inhibitory collicular 
interneurons. 
Infante and Leiva (1986) recorded simul­
taneous single-unit activity in both colli­
culi of the cat while the animal was mak­
ing saccades in various directions. They 
found that the movement-related spike ac-
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Figure 4: Relation between current 
strength (ƒ) and width of the excitatory pro­
file (σα) used in the simulations. The relation 
σ
α
 = 0.5 · y I 40 mm: is derived from equa­
tions proposed by Stoney et al. (1968). See 
also Appendix I. 
tivity in both colliculi seems to be recipro­
cally related: an increase of the activity in 
one colliculus is accompanied by a decrease 
of activity in the other colliculus and vice 
versa. 
The notion of intercollicular inhibition also 
seems to be supported by a recent study of 
Schiller and co-workers (1987). Reversible 
inactivation of one colliculus by muscimol 
or, alternatively, by complete ablation of 
one colliculus causes onset latencies of ip-
silateral saccades to decrease when com­
pared to the situation where both colliculi 
are still intact. These experiments suggest 
a disinhibition of the remaining colliculus 
after inactivation of the other colliculus. 
Finally, the so-called remote stimulus ef­
fect in collicular neurons (Rizzolatti et al., 
1973, 1974, in cat; Wurtz et al., 1980, in 
monkey) also indicates the possibility of 
lateral inhibitory interactions. Wurtz and 
co-workers found that a remote stimulus, 
which by itself does not cause a response, 
may severely reduce the excitatory effect 
of a stimulus in the central activating area 
of the receptive field. They found that the 
spatial extent of the inhibition may be be­
yond 50 deg and may cross the vertical 
meridian. Unfortunately it is not known 
whether these effects in superficial layer 
cells can also be observed in deeper layer 
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neurons. 
1.5 Outline of the nonlinear 
lateral-interaction model 
In this paper we extend the existing 
ensemble-coding model by allowing excita­
tory and inhibitory spatial interactions: in 
line with the work cited above (Mcllwain, 
1982; Douglas and Vetter, 1986: Infante 
and Leiva, 1986), the population activity 
profile is no longer exclusively excitatory. 
We propose instead that, due to lateral in­
teractions within the colliculus, an electri­
cal point stimulus gives rise to a population 
activity profile characterized by local exci­
tation and remote inhibition. How such a 
population activity can be mediated by a 
neural network is a separate problem which 
will not l)e dealt with in the present paper. 
The essential nonlinearity, required if the 
model is to explain the nonlinear averag­
ing phenomenon (see above), is proposed 
to reside in the input-output characteristic 
of the movement cells. A schematic out­
line of the model is presented in Fig. 3. As 
will be shown below (see Results) the new 
model can simulate that saccade amplitude 
is nonlinearly related to electrical stimula­
tion intensity. In addition, when two stim­
uli are applied simultaneously, the saccade 
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F i g u r e 5: Model simulations of saccade am­
plitude as a function of current strength for an 
inhibition strength of B-0.0032 (circles). The 
model was tuned such that a stimulus current 
of 40 μΑ at collicular coordinates (u=2.85. 
ii=0 mm), yielded a saccade size of exactly 20 
deg (filled dot, see Simulations section). Sac-
cade amplitude increases roughly linearly with 
current strength for low stimulus intensities 
but shows saturation beyond 50 μΑ. Squares 
indicate the model's response when B=0 (no 
inhibition). Note that the saturation of sac-
cade amplitude is absent (amplitude reached 
at I — 120μΑ is 82.5 deg). Triangles show 
how the model behaves when the inhibition 
strength is doubled (і?=0.0064). Saccade am­
plitude shrinks for current strengths above 40 
μΑ and never reaches the normometric size of 
20 deg. 
predicted by the new model appears to be a 
weighted average of the two stimulation ef­
fects. In the next section a detailed math­
ematical description of the model will be 
presented. P a r t of these results have been 
published elsewhere in a preliminary form 
(Van Opstal and Van Gisbergen, 1987). 
2 Mathematical 
description of the new 
model 
The original ensemble-coding model (see 
Figs. 1 and 2) does not specify precisely 
how the population activity profile comes 
about. The present nonlinear model, how­
ever, has three additional stages which 
specify how lateral interactions result, fi­
nally, in the populat ion activity profile (see 
below). A schematic outline of the new 
model, in the format of Fig. 2, is presented 
0 20 ~Ä0 60 80 ЮС 120 
CURRENT STRENGTH (μΑ) 
in Fig. 3. In the model we propose t h a t 
electrical st imulation by a microelectrode 
leads to two opposite effects on nearby col­
licular movement cells which can be char­
acterized by local excitation and remote in­
hibition. For ease of description we will de­
scribe these two effects separately, leaving 
aside the precise mechanisms t h a t may un-
derly them. In what follows, the colliculus 
has been assigned a Cartesian coordinate 
grid [(u, v; in mm) see Ottes et al. ,1986 
and Van Gisbergen et al., 1987 for more de­
tails]. T h e three new features of the model: 
the excitation function, the lateral trans­
mission function and the nonlinear input-
o u t p u t characteristic of the model neurons 
will now be briefly described. 
Excttation function. When a stimulat­
ing electrode applies current at collicular 
coordinates (u
c
, v
c
), it is assumed t h a t the 
excitatory effect, E{u,v), decays with dis­
tance from the electrode tip according to a 
Gaussian function (see Fig. ЗА): 
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In this equation E
maz [mV] is the max­
imal excitatory effect of the stimulus and 
σ
α
 [mm] is a measure for the spatial ex­
tent of the resulting excitation which, in 
the model, is directly related to current 
strength. We have assumed, however, that 
E(u, v) is broader than expected from the 
effects of physical current spread alone and 
includes the intracollicular spread of exci­
tation found by Mcllwain (1982). The re­
lation between σ
α
 and current strength, I, 
(shown in Fig. 4) is derived from equa­
tions which are based on experimental data 
from Stoney et al. (1968) and Alexander 
and Delong (1985). In this paper it is as­
sumed that I and σ
α
 are related through 
σ
α
 = 0.5 · y/l/ΊΟ mm (I in μΑ). A justifi­
cation for this choice is given in Appendix 
I. 
Lateral transmission function. It is as­
sumed that excitation of a given cell in 
the deeper layers at (UQ,VO), causes a 
change, T(u, v), in the membrane poten­
tial of a large population of adjacent neu­
rons, which can be described by a global 
inhibitory field of constant strength which 
surrounds the neuron under study (see Fig. 
3B). This can be formulated mathemati­
cally by: 
T ( u , i ; ) = r
m
„ . i ( u - u o , i > - i O ) - . B (2) 
where T
max
 and В [both dimensionless, 
see Appendix II] are constants and 6(u, v) 
is the Dirac-delta function in the spatial 
(ω, t;)-domain. Equation (2) thus states 
that each excited neuron exerts an in­
hibitory influence on every other collicular 
movement cell (extending to both colliculi) 
of constant strength, except on itself. 
The total change, C(u, v), in a given 
cell's membrane potential, after electri­
cal stimulation is given by the convolu­
tion of the excitation function imposed by 
the electrical stimulus [equation (1)] and 
the lateral transmission function [equation 
(2)]: 
C(u,v)= / dpdq-L(u-p,v-q)-E(p,q) 
(3) 
where ρ and q are integration variables. 
Assuming linear addition of effects prior 
to the stage of spike generation, it can be 
shown (see Appendix II) that the combined 
effect of equations (1) and (2) leads to a 
Gaussian excitatory profile surrounded by 
a field of constant inhibition (Fig. 3C). 
The strength of the resulting inhibition will 
depend on the width of the excitation func­
tion, σ
α
, and hence on the electrical current 
strength (for details see Appendix II). 
Nonlinear Input-Output Characteristic. 
It is assumed that deeper layer movement 
cells are not spontaneously active (see e.g. 
Sparks and Mays, 1980). The firing rate 
of a cell at location (и, ν), denoted by 
F(u, v), is proposed to depend nonhn-
early on the membrane potential C(w,t>). 
When C(a, v) [equation (3)] is negative, 
the cell is under inhibition and will not fire, 
whereas an excitatory membrane potential 
leads to a linear increase in the cell's fir­
ing rate (slope /3, [spikes/mV]) until the 
cell's maximum firing rate, F
max
 (set at 
500 spikes/sec), is reached (see Fig. 3D). 
Note, that it is assumed that the threshold, 
Θ, for spike generation equals 0 mV. 
Once the collicular population activity, 
F(u,v), is computed, (Fig. 3E) the com­
putation of the movement contributions 
of individual cells to the total saccade is 
straightforward. From here on the model 
is exactly the same as the original ensem­
ble coding model (Figs. 1 and 2; Van Gis­
bergen et al., 1987; Van Opstal and Van 
Gisbergen, 1988). Thus, each cell's vecto-
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rial movement contribution M ( u , v), is de-
termined by its location (u,i>) in the mo-
tor layer (which determines the synaptic 
strengths P ( u , r ) with the horizontal and 
vertical subsystems downstream) and its 
firing rate, F(u,v) : 
M(u,v) = a- F{u,v)-P(u,v) (4) 
where a[(spikes/$ec)~l] is a fixed pro-
portionality constant which is identical 
for all cells (see Van Gisbergen et al., 
1987, for more details). Finally, vectorial 
summation of all cell contributions (Fig. 
2D), results in the metrics of the saccadic 
eye movement. It should be noted, that 
since the inversely related logarithmic af-
ferent and exponential efferent mapping 
functions cancel each other completely, 
the nonlinear input-output characteristic 
of the model neurons (Fig. 3D) solely 
determines the overall nonlinearity of the 
model: since the movement cells exhibit no 
resting activity (see above), inhibition can 
only exert its influence on a cell's move-
ment contribution when the cell is excited, 
by decreasing its activity (see Results, e.g. 
Fig. 6). 
Note tha t in the model a cell's movement 
contribution is still uniquely determined by 
its firing rate and its efferent connections 
(Van Gisbergen et al., 1987; Van Opstal 
and Van Gisbergen, 1988). 
3 Simulations 
The model consists of a square-lattice array 
of collicular neurons arranged in rows paral-
lel with the horizontal meridian representation 
(u-axis) and in columns along the perpendicu-
lar collicular dimension (u-axis; see also Ottes 
et al., 1986 and Van Gisbergen et al., 1987). 
Both colliculi are contained in one matrix of 
64x64 neurons. Simulations were run on a 
PDP 11/44 computer. 
3.1 Tuning the model 
In order to generate saccades with the cor-
rect metrics, it is necessary to tunc the var-
ious proportionality constants in the model 
{Ema*,a,ß and F m o l ) for given Tm„x and В 
values of the lateral inhibition function [equa­
tion (2)]. Without loss of generality (see 
Appendix II), T
max
 and 0 were first set to 
1.0 dimensionless] and 10 [(spikes/sec)/mV], 
respectively. In this case В expresses the 
relative strength of inhibition. Since it is 
proposed that all the neurons have identical 
input-output properties (see above) and are 
distributed homogeneously in the colliculus, 
the proportionality constants only need to be 
determined for one particular site. Like in 
the earlier paper (see Van Gisbergen et al., 
1987) the model parameters were found by 
stimulating with an intensity corresponding to 
σ
α
 = 0.5 mm (i.e. I = ΑΟμΑ, see Fig. 4 
and Appendix II) at the collicular representa­
tion of the external world point with eccen­
tricity R — 20 deg along the horizontal merid­
ian to the right (0=0 deg) [i.e. (u,i>)=(2.85,0) 
mm]. The resulting activity profile (after ap­
plying the nonlinear input-output characteris­
tic of the model neurons) was then scaled in 
such a way that the most active cell reached 
the maximal activity of exactly F
m
az = 500 
spikes/sec. In this way ZJ
m
ai and Fmat were 
set simultaneously. Finally, the value of pa­
rameter α [equation (4)], needed to obtain a 
saccade amplitude of exactly 20.0 deg, was de­
termined. Once these parameters were found, 
they were no longer subject to change in fur­
ther simulations (see Results). 
3.2 The lateral transmission 
function 
In order to find a suitable value for the relative 
inhibition strength, B, of the lateral transmis­
sion function [equation (2)], В was changed 
systematically in 0.0002 increments. The fol­
lowing two criteria were imposed: (1) changing 
the width, σ
α
, of the excitation profile, [equa­
tion (1)] from 0.2 to 0.5 mm [corresponding, 
in the model, with current intensities between 
6 and 40 μΑ, see Fig. 4 and Appendix II] 
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[} Stage 
afferent mapping 
activity profile 
nonlinearity 
efferent mapping 
Parameter 
B
v 
A 
Τ 
-L max 
В 
Emax 
к 
τη 
ι3 
*max 
θ 
a 
Value 
1.4 mm 
1.8 mm/rad 
3.0 dcg 
1.0 
0.0032 
50 μΥ 
0 μΑ 
40 μΑΙτητη2 
10 {spikes j sec) ¡mV 
500 spikes/sec 
QmV 
1.7-IO"4 (spikes/sec)-1 
Explanation 
Ottes et al, 1986 
Ottes et al. 1986 
Ottes et al, 1986 
Fig. ЗВ; Appendix II 
Fig. ЗВ; Appendix II 
Fig. ЗА; Appendix II 
Fig. 4; Appendix I 
Fig. 4; Appendix I 
Fig. 3D 
Fig. 3D 
Fig. 3D 
Van Gisbergen et al, 1987 
Table 1: Parameter values of the lateral interaction model as used m this paper 
had to result in at least a doubling of sac-
cade amplitude and (2) increasing this width 
from 0.5 to 0.8 mm [current strengths between 
40 and about 100 μΑ] should not result in a 
change of saccade amplitude of more than 10 
%. These criteria were set so that the model 
could qualitatively simulate the sigmoid rela­
tion between current strength and saccade am­
plitude (Sparks and Mays, 1983; see also Fig. 
5). Table I summarizes the values of the model 
parameters that have been used throughout 
this paper. 
(u,v) will be C(u,v) - CA(U,V) + Св(и, ) . 
The firing rate of a cell at (u, V),FAB(U, V), 
is then determined applying the nonlinear 
input-output characteristic of the neuron (Fig. 
3D). In general, because of this nonlinearity, 
FAB(U,V) will not equal the linear sum of 
FA(U,V) and FB(U,V). It will be shown (see 
Results), that the metrics of saccades gener­
ated by the model, resemble a weighted av­
erage of the individual effects from each elec­
trode. 
3.3 Electrical double stimulation 4 R e s u l t s 
A straightforward procedure can be applied 
when electrical double stimulation at sites A 
and В is simulated. The two resulting excita­
tory profiles EA(U, V) and Ев(и, ν) are treated 
simultaneously in the procedures sketched 
above. The different current strengths at the 
two electrodes directly determine the corre­
sponding excitatory profile widths, σ
α
ι and 
σ
α
2, respectively [equation (1)]. The effect 
of both stimuli on the membrane potential of 
each individual movement cell is then found by 
linear summation of the individual excitatory 
and inhibitory stimulation effects. Thus, the 
total membrane potential of a given neuron at 
4.1 Relation between saccade am­
plitude and current strength. 
Fig. 5 shows the finid result of the sys­
tematic search for a value of the relative 
strength of inhibition В that meets the 
imposed constraints (circles, see Simula­
tions). It is clear from this figure that 
above a current strength of about 50 μΑ 
saccade ampli tude does not increase fur­
ther. Compared with the 'best saccade' 
(filled dot) of this collicular locus (i.e. the 
saccade that is accompanied with the most 
vigorous discharge of the movement cells 
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Figure β: Simulations of AR electrical 
double stimulation experiment. Collicular co­
ordinates (u, V)A and (U,V)B of sites A and В 
correspond ( Я . Ф ^ Ю . О ) and (30,0), respec­
tively. 
A. Saccade endpoints for three double stimu­
lation conditions (open symbols). Data point 
1: I A = 40μΑ, Ів = 25μΑ. Data point 
2: ΙΑ = 40μΑ, Ів = 40μΑ. Data point 3: 
ΙΑ - 25μΑ, Ів = 40μΑ. In all three cases the 
saccade is directed in between the two single-
stimulation endpoints A and B. 
B . Activity profile in themotor colliculus giv­
ing rise to data point 2 (A) shown from 
above. Contours denote equi-activity lines 
corresponding with 65, 100,200,300 and 400 
spikes/sec going from outside to inside. Super­
imposed on the motor colliculus is the move­
ment potential of each movement cell (see also 
Fig. 1). 
C . Cross section through (B) along the hor­
izontal meridian representation (υ = 0). 
Clearly, the actvity profile at locations UA and 
ив has decreased significantly with respect to 
the single stimulation effects (superimposed), 
due to the summed inhibitory effect of the re­
cruited neurons. 
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Figure 7: Simulation of ΔΦ electrical double stimulation experiment at collicular coordinates 
(U,V)A and (U,V)B corresponding with (R, Ф)=(20,30) and (20,-30), respectively. 
A. Saccade endpoints (open symbols) under the same conditions as in Fig. 6A. 
B. Activity profile in the motor colliculus for condition nr. 2 (IA = IB = 40μΑ). Same format 
as in Fig. 6B. Maximal activity has decreased to 360 spikes/sec in this situation (see text for 
more details). 
nearby the electrode tip) there appears a 
slight overshoot (less than 10%) in the 
range 40-90 μΑ. It can also be observed 
that saccade amplitude starts to decrease 
again for extreme stimulus intensities (> 
100μ.4, see Discussion). Saccade direc­
tion (not shown) appears to be indepen­
dent from current strength in all simula­
tions. 
These results make clear that the model 
can, at least qualitatively, simulate the ob­
served behaviour of saccade amplitude as 
a function of current strength by assuming 
a relatively weak inhibition (B = 0.0032) 
between cells. In Fig. 5 it is also shown 
how the model behaves when there is no 
inhibition (B=0, rectangles). In this case, 
which simulates in fact the original ensem­
ble coding model of Van Gisbergen et al. 
(1987), saccade amplitude does not show 
saturation at all for the current strengths 
tested. Doubling the inhibitory strength 
(B=0.0064, triangles) leads to a shrinkage 
of saccade amplitude, already at moder­
ate stimulus intensities. It is found that 
a 10% change of the value of parameter 
В has only a slight effect on the shape of 
the Д(/)-сиг е. Therefore, the overall be­
haviour of the model is not very sensitive to 
changes in the relative inhibition strength 
B. In the results that follow, simulations 
are presented with the fixed set of param­
eters given in Table I. 
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4.2 Response to electrical double 
stimulation. 
In this simulation (Fig. 6) it is as­
sumed that the stimulating electrodes 
are positioned at locations (u, ι>),4 and 
(U,V)B, corresponding to (R,Φ)=(10,0) 
and (30,0), respectively (AJÏ-experiment). 
Fig. 6A shows three typical examples of 
the model's response to double stimula-
tion when the current strengths at sites A 
and В were [40,25], [40,40] and [25,40] μΑ 
(numbers 1,2 and 3, respectively; open cir­
cles in Fig. 6A). Filled circles correspond 
to the individual stimulation effects of elec­
trodes A and В when a current of 40 μΑ 
is applied. Clearly, in the double stimu­
lation situation the saccade always ends 
in between A and B. As the strength of 
Figure 8: Summary of electrical double 
stimulation simulation results. In both boxes 
arrows marked A and В on the right-hand side 
denote the effect created by each stimulus in 
isolation. 
A. AA-experiment. Saccade amplitude is 
plotted as a function of current strength at 
location (UB) under three conditions: current 
strength at location (ил) is 15 μΑ (triangles), 
25 μΑ (circles) and 40 μΑ (rectangles), respec­
tively. 
B. ΔΦ-experiment under the same conditions 
as in (A). 
In all cases the saccade endpoint resembles a 
weighted average of the individual stimulation 
effects, A and B, with weighting factors re­
flecting the relative intensities of the two stim­
uli. 
stimulus В increcises, relative to stimulus 
A, the metrics of the saccade corresponds 
more closely to the effect of stimulating site 
В alone (see also Fig. 8A). 
In Fig. 6B the imposed activity profile, 
seen from above, is shown in the form of 
a contour plot for the case where A and 
В both equal 40 μΑ. Fig. 6C shows 
the population activity profile [shown in 
cross-section along the horizontal merid­
ian representation (v = 0)] for the case 
when only one stimulus at site (u, V)A or 
(U,V)B is present (I = 40μ.Α). The double-
stimulation situation (indicated as A + B) 
is also presented. From this figure it is 
especially clear how the spatial interac­
tions in the model, in combination with 
the input-output nonlinearity of the move-
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ment cells, can cause averaging. Notice 
that, due to the movement cell nonlinear-
ity (Fig. 3D), superposition does not hold. 
Accordingly, the firing-rate profile for the 
double-stimulation condition (A + B) is not 
simply the sum of profiles A and В but con­
siderably less. The reason for this nonlin­
ear phenomenon, in the model, is that the 
inhibition created, e.g. by stimulus A at 
site (u,ii)fl, is only expressed in the firing 
rate of local cells if these neurons receive 
excitatory input, e.g. from stimulus B. 
Notice furthermore that although the ef­
fects of a second stimulus at A or В are 
symmetrical in the collicular map (Figs. 
6B,C), these effects are not symmetrical 
anymore at the level of the motor output 
(Fig. 6A), due to the nonlinear efferent 
mapping stage (Fig. 2D). 
In Fig. 7 a typical result is shown for 
the case where the stimulation electrodes 
A and В are situated at the representa­
tions of Φ = 30 deg and Φ = -30 deg, 
respectively (ΔΦ-experiment eccentricity: 
Л = 20 deg). The same three cases as 
shown in Fig. 6A are presented in Fig. 7A. 
Again it is clear that the resulting double-
stimulation saccades are not the linear vec­
tor sums of A and В (filled circles), but 
resemble weighted averages (see also Fig. 
8B). Fig. 7B shows the activity profile (as 
seen from above) for stimulus pattern nr. 2 
(IA — Ів — 40μΑ). Note that the collicu­
lar distance between (ω, V)A and (и, )в is 
larger in this ΔΦ-experiment than in the 
Aii-experiment of Fig. 6B so that there 
is less overlap between the two activation 
profiles. Because in the ΔΦ-experiment 
the total population of recruited cells is 
larger, the strength of the reciprocal inhi­
bition is also larger. Consequently, max­
imal activity at (u, V)A and (и, )в has 
dropped even further to 360 spikes/sec, 
compared with the single stimulus condi­
tion (500 spikes/sec). 
Figs. 8A,B summarize the dependence 
of saccade metrics on the relative strengths 
of the two stimuli. In Fig. 8A (AA-
experiment, same stimulus locations as in 
Fig. 6) three conditions are shown which 
correspond to three different, but constant, 
current strengths of stimulus A (15,25 and 
40ДІ4, respectively). Saccade amplitude 
is plotted as a function of the current 
strength of stimulus B. Note that saccade 
amplitude increases roughly similarly un­
der the three conditions as a function of 
the current strength of stimulus B. 
Likewise, Fig. 8B shows the same situation 
as Fig. 8A for the ΔΦ-experiment. It ap­
pears (not shown) that in this experiment 
saccade amplitude is roughly constant for 
the high intensity condition (40μΑ) but 
tends to increase slightly under the 15 μ A 
and 25μ.ι4 conditions. Saccade direction 
more and more approaches the direction of 
stimulus В as the intensity of stimulus В 
increases. In all cases examined, the sac-
cade metrics resemble a weighted average 
of the individual stimulation effects, with 
weigthing factors determined by the rela­
tive current strengths of the two stimuli. 
These findings are in qualitative agreement 
with Robinson's (1972) data (see Discus­
sion). 
5 Discussion 
5.1 General remarks. 
In this paper we have extended the lin­
ear ensemble coding model of Van Gis­
bergen et al. (1987) in order to explain 
two nonlinear phenomena which are known 
from electrical stimulation experiments in 
the deeper layers of the superior collicu-
lus: 1) the finding that saccade ampli­
tude is related to stimulus intensity above 
a certain threshold current, and 2) the fact 
that, in electrical double stimulation, the 
Colhcular Lateral Interactions 
resulting saccade resembles the weighted 
average of the individual stimulation ef­
fects. We have shown in this paper that 
both phenomena may be the result of lat­
eral inhibitory interactions among collicu-
lar movement cells. In the model the rel­
ative inhibition strength exerted by each 
cell on its neighbours is rather small (B 
= 0.0032), but can still produce a signifi­
cant effect by the combined action of many 
neurons. In the Introduction we have men­
tioned data from the literature which seem 
to justify the assumption of an intracollic-
ular mechanism. We will now discuss the 
results of our modified model more exten­
sively. 
5.2 The amplitude vs. current 
strength relation. 
The finding that beyond a certain current 
strength saccade amplitude does not in­
crease further has often been noted (Robin­
son, 1972; Schiller and Stryker, 1972; 
Sparks and Mays, 1983; see Schiller, 1984 
and Sparks, 1986, for extensive reviews). 
From data of Sparks and Mays (1983), 
however, it is known that for low stimula­
tion intensities there is a relation between 
saccade amplitude and current strength. 
The general picture that emerges from on­
going experiments performed in our labo­
ratory (to be published separately), is that 
saccade amplitude follows a roughly sig­
moid function in the low current strength 
range (< 10μ./4). Quite remarkably, sac-
cade direction shows hardly any change un­
der these conditions. All of these findings 
can be simulated by the new model (Fig. 
5). 
It should be mentioned that if the sac­
cadic system would compute the center of 
gravity of the stimulus configuration (Find-
lay, 1982), one would not expect any rela­
tion at all between saccade size and stimu­
lus intensity (see above). Instead, the sys-
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tem appears to behave more or less linearly 
at low intensities and shows saturation at 
higher current strengths (see also below: 
extracollicular mechanisms). 
We found that the precise nature of the 
saccade amplitude-current intensity rela­
tion in the model depends upon the shape 
of the lateral inhibition function [equa­
tion (2)]. In this paper we have explored 
the possibilities of a very simple (one free 
parameter) formulation for this function 
where the inhibition is supposed to be of 
constant strength throughout both colli­
culi. The curve, presented in Fig. 5, 
agrees only qualitatively with the Sparks 
and Mays (1983) data. The simulations 
give rise to two discrepancies that cannot 
be resolved with such a simple model: 
First, the amplitude of the evoked saccade 
overshoots the saccade associated with 
maximum recruitment of nearby move­
ment cells (the optimum or 'best' saccade) 
by about 10% for the higher (> 40μΑ) cur­
rent strengths (Fig. 5). There are no re­
ports in the literature, to our knowledge, 
to support these findings. 
Second, for extreme stimulus intensities 
(> 100/ÍÍ4) saccade amplitude decreases 
again (Fig. 5). This is probably an un-
realistic finding. We have observed that 
when the inhibition profile [equation (2)] 
is taken to be Gaussian, the model's be-
haviour improves considerably in this re-
spect. Lateral transmission functions with 
more parameters can save both problems, 
at least in principle. One should bear in 
mind, however, that in contrast to the con-
tiguous nature of the visual input and the 
motor output of the saccadic system, the 
internal representation in the colliculi is 
highly discontiguous: the right and left 
halves of motor space are represented in 
separate colliculi. Since, in the model, we 
have assumed that the lateral transmission 
function extends to both colliculi, a heuris-
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tic procedure would be needed to extend a 
non-constant transmission function to the 
other colliculus. Additional assumptions 
have to be made in such a case. In this 
paper we have not explored this point fur-
ther. 
5.3 Electrical double stimulation. 
The model, in its present form, can quali-
tatively explain the nonlinear interaction 
that is observed (Robinson, 1972) when 
two electrical stimuli are applied simulta-
neously. A similar phenomenon is known 
to occur when both stimulating electrodes 
are situated in the frontal eye fields (Robin-
son and Fuchs, 1969) or when frontal 
eye fields and colliculus are both elec-
trically stimulated (Schiller and Sandell, 
1983). Also when the saccadic system is 
confronted with two visual stimuli, either 
presented simultaneously (Findlay, 1982; 
Ottes et al., 1984), or sequentially as a 
double target-step (Becker and Jürgens, 
1979) averaging responses can again be ob-
served. In order to establish whether the 
observed behavioural effects are possibly 
due to the intracollicular mechanism de-
scribed in this paper, pertinent electro-
physiological experiments need to be per-
formed. 
An interesting implication from the sim-
ulations is the uncoupling of saccade met-
rics and population activity profile which 
generates the saccade (see e.g. Figs. 6 and 
7). Despite the fact that the metrics of 
the resulting saccade can be identical for 
the Δ # - as well as the Aiî-experiment, the 
activity profiles yielding that saccade are 
clearly different. Thus the new model can 
generate a given saccade through a variety 
of activation patterns in the motor map. 
Furthermore, the resulting saccade is not 
necessarily directed to the location which 
corresponds to maximal activity in the col-
liculus. This seems to contradict the no-
tion that the colliculus encodes the metri-
cal properties of a saccade through a tight 
relation with the locus of the activity pro-
file (Sparks et al., 1976; Mcllwain, 1982). 
According to the new model, this picture 
would only be valid for saccades caused by 
a single stimulus. 
Sparks and Mays' (1983) data showing 
that the electrical stimulation threshold for 
evoking a saccade increases significantly 
when the monkey is actively fixating a vi-
sual stimulus might be explained by the 
model if one assumes that in this case the 
activity in the foveal area exerts its in-
hibitory influence in both colliculi. More 
current will be needed to overcome this 
inhibition. For a similar explanation of 
a comparable phenomenon in frontal eye 
fields stimulation experiments, see Gold-
berg et al. (1986). If this idea is cor-
rect, study of fixation-induced threshold 
increases at various collicular stimulation 
sites could provide a quantitative estimate 
for the extent and the strength of the lat-
eral inhibition. 
5.4 Extracollicular mechanism. 
This paper investigates the possibility of 
an intracollicular mechanism as an expla-
nation for observed nonlinearities in sac-
cade generation. It is assumed that the 
firing rate of individual movement cells in 
the deeper layers of the superior colliculus 
depends on the activity of all other cells. 
Instead, one can conceive of a model which 
scales the efferent output of a neuron de-
pendent upon the total activity profile of 
the motor colliculus. Such a scheme ex-
plains the nonlinearities with an extracol-
licular mechanism. Suppose, that in this 
case equation (4) can be reformulated as: 
т
і
{и, )=1-Рг{и, )- г{и, ) (5) 
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where 
λ
 + Σ^ι^.(".") 
In equation (6) λ is a constant 
(spikes/sec). In contrast to equation (4), 
where the proportionality constant is fixed 
(see above), 7 now depends on the to­
tal activity in the colliculus. Assuming 
t h a t for small values of N (correspond­
ing to low stimulation intensities) λ domi­
nates the numerator, equation (5) reduces 
to equation (4) and the system is linear. 
For high stimulus intensities λ may be ne­
glected compared to the total number of 
spikes. In that case equation (5) approxi­
mates the 'center of gravity' of the activity 
profile. Also in this model, saccade am­
plitude will depend in a sigmoid fashion 
on current intensity (see also Van Opstal 
and Van Gisbergen, 1988). Reichardt et 
al. (1983) and Egelhaaf (1985) have put 
forward a model of the fly's visual system 
based on the notion of shunting inhibition. 
The overall transfer function of the output 
neurons in their model has the same char­
acteristic as equation (6) (Reichardt et al., 
1983). In such a scheme parameter A is a 
measure for the s trength of the shunting 
inhibition. At the moment, however, it is 
not clear how such a scheme can be applied 
to the monkey saccadic system. 
In conclusion, we have shown how lat­
eral inhibitory interactions in the deeper 
layers of the motor colliculus may explain 
the nonlinear behaviour of saccade met­
rics in electrical st imulation experiments. 
Further neurophysiological and theoretical 
work will be needed to get a better insight 
in the neural wiring diagram that may un-
derly these interactions. 
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Appendix 
I. Relation between current strength and excitatory profile. 
It has been shown in the literature (e.g. Stoney et al., 1968 and Alexander and Delong, 1985) 
that the minimal current, /[μ.Α], needed to excite a neuron at distance г [mm] from the electrode 
tip is given by: 
I = к 4 т.т2 (A - 1) 
where Ιί[μΑ} is the minimal threshold current needed to excite the cell when the electrode is 
at its soma and [μΑ/τηπι2] is a proportionality constant. Both parameters are physiological 
constants which not only reflect physical conduction properties of the physiological medium but 
also characteristics of the neural network under study. Since quantitative parameter estimates 
for к and m are not available for the monkey colliculus it was not possible to base the dimensions 
of the excitation zone for each current strength on literature data. Assuming that equation (5) 
remains qualitatively valid also in this case, the afferent excitation width, σ
α
, is directly related 
to current strength through equation (5) (see e.g. Stoney et al., 1968, their Fig. 7). Taking 
г = 2 · σα as the boundary of effective excitation , it is easy to show that 
σ» = 0 . 5 - л / (A-2) 
V m 
In our model we assume that increasing the strength of the stimulation current leads to an 
increase of the spatial spread, σ
α
, of the excitation zone in equation (1) without changing the 
maximal excitatory effect, E
m
ai· Furthermore, instead of relating the intensity of the electrical 
stimulus to the all-or-nothing firing of a given neuron [Stoney et al. (1968)], it is assumed that 
the applied current gives rise to a depolarization (expressed in mV) of the cell's membrane 
[equation (1)]. Since it is a consistent finding that the current threshold for the deeper layers of 
the monkey colliculus, needed to elicit a saccadic eye movement, is very low (usually between 
1-9 μΑ; Schiller and Stryker, 1972), we have set the к value at 0 μΑ. This is the reason why in 
Fig. 5 saccade amplitude is 0 deg for I = 0 but increases immediately when current is applied. 
In a more realistic situation one should also incorporate fc-values which are not equal to zero. 
Fig. 4 depicts how spatial extent, σ
α
, and current intensity, I, are related in our model for 
к = ΟμΑ and τη = ΊΟμΑ/πιτη2. These parameters were chosen so as to produce a spatial spread 
of σ
α
 = 0.5 mm at a current intensity of ΑΟμΑ (Stoney et al., 1968 their Fig. 7 and Mcllwain, 
1982). 
//. Population profile width as a function of σ
α 
As can be seen in Fig. 5, the model predicts that saccade amplitude increases with current 
strength for low stimulus intensities, reaches a maximum level in the range between 40-90μ.4, 
but finally starts to decrease for high current strengths. To explore why the model yields this 
result we will now analyse mathematically the width of the excited population as a function 
of current strength. It is straightforward to show that the membrane potential, C(u,v), of a 
movement cell at (u,t>) can be derived from equation (3) as: 
C(u, v) = Ema* • T
m a l · exp - ^ — ^
+ | " ~ " c ) - 2π • Я ™ , · ß • (σ
α
 ) 2 {A - 3) 
Note, that equation (A-3) describes indeed a Gaussian excitatory profile, surrounded by constant 
inhibition (see Fig. 3C). The inhibition (term on the right) is related to σα and hence depends on 
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current strength iFig. 4 and equation (A-2)]. The dimensions of the proportionality constants 
can now be established. Since C(u,v) is expressed in milliVolts, the two quantities ß m a i · Tmn« 
and В • Ejnaz • {(r
a
)2 also must yield a voltage. It follows that if Emax — [mVj, then also T
m a j . 
= dimensionless and В — {mm~2]. In order to understand the behaviour of saccade amplitude 
in the new model, we need to determine the boundary of excitation [i.e. C(u,v) — 0], since 
it is assumed that only cells that are excited contribute to the saccade .equation (4)¡. Setting 
equation (A-3) to 0 yields: 
for the radius ρ of the population activity profile. Note that ρ is determined by the rela­
tive inhibition strength, T m o l / ß , and current strength, σ,,, but is independent of Emax. It is 
straightforward to show that the relation between σ
α
 and ρ reaches a maximum value (which is 
the maximum population width) and starts to decrease for higher σ,, values. The behaviour of 
equation (A-4) underlies the properties of saccade amplitude as a function of current strength 
(Fig. 5). 
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Abstract 
Saccade endpoints, elicited by an identical visual stimulus in repeated trials, 
exhibit a certain amount of scatter. The present paper illustrates how saccade 
endpoint scatter may be used to discern various properties of the subsystem that 
determines the metrics of a saccade. It is found in the human that scatter along the 
eccentricity axis is consistently more pronounced than along the direction axis. The 
ratio of amplitude scatter and direction scatter is approximately constant for all tar-
get positions tested. In addition, the absolute amount of scatter increases roughly 
linearly with target eccentricity but does not depend on target direction. We have 
explored whether these findings may reflect noisy variations in the neural represen-
tation of the saccade vector at the level of the collicular motor map. There are 
good reasons to assume that 1) the motor map, at least in the monkey, is organized 
in polar coordinates, 2) has a nonhomogeneous (roughly logarithmic) representa-
tion of saccade amplitude and 3) is anisotropic in nature (Robinson, 1972; Ottes 
et al., 1986; Van Gisbergen et al., 1987). To account for the intertrial variability 
in saccade endpoints, we have slightly extended an existing model for the collicular 
role in the coding of saccade metrics (Van Gisbergen et al., 1987) by allowing small 
variations in both the total amount and the location of the collicular population 
activity. We discuss how such noisy variations at the level of the motor map would 
be expressed in the metrics of saccadic responses and consider alternative models 
which could explain our data. 
Keywords: Saccade Metrics - Endpoint Variability - Ensemble coding model -
Coding in Polar coordinates - Human. 
'submitted to Vision Research 
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1 Introduction 
1.1 Control of Saccade Amplitude 
and Direction 
How the saccadic control system specifies 
the metrics of an impending saccade is 
still a matter of debate. A variety of be-
havioural experiments, carried out in the 
recent past, have led to quite different ideas 
about the subsystem specifying the met-
rical properties of saccades (Becker and 
Jürgens, 1979; Van Gisbergen et al., 1981; 
Ottes et al, 1984; Deubel, 1987). 
Electrophysiological evidence shows that 
the Superior Colliculus (SC) is heavily in-
volved in the generation of saccade am-
plitude {R) and direction (Φ). Record­
ings from single cells in the deeper layers 
of the SC demonstrate that these neurons 
are active just prior to saccades occurring 
within a limited range of amplitudes and 
directions specific for each cell: the so-
called movement field (Sparks et al., 1976; 
Sparks and Mays, 1980). In addition, it 
has been shown that electrical stimulation 
yields saccades at short latencies (Robin­
son, 1972) the metrical properties of which 
correspond with the movement field of cells 
nearby the stimulating electrode (Schiller 
and Stryker, 1972). Recently, we have pro­
posed a quantitative model for the role of 
the SC in the generation of saccadic eye 
movements which incorporates the idea, 
first expressed by Sparks et al. (1976) 
and Mcllwain (1976, 1982), that the exe­
cution of the saccadic eye movement de­
pends upon the summed contributions of 
all recruited cells in the population (Van 
Gisbergen et al., 1987; Van Opstal and Van 
Gisbergen, 1988; see below). 
So far, the ensemble coding model is fully 
deterministic in the sense that it does not 
have any noise in its subsystems. The 
work of Deubel (1987) suggests, however, 
that a detailed analysis of the variabil­
ity in the metrics of saccadic responses, 
which can be observed in repeated iden­
tical trials, may help to develop the model 
further. Deubel (1987) noticed that sac-
cade endpoint scatter along the eccentric­
ity {R) axis is more pronounced than along 
the direction (Φ) axis. He pointed out 
that this finding is interesting in itself 
since it indicates that part of the sac­
cadic system is organized in a polar (η, Φ) 
coordinate system. In the case of inde­
pendent component-related (x, y) subsys­
tems one would rather expect a circular 
symmetrical distribution of saccade end-
points. In this paper we have investigated 
whether a further quantitative analysis of 
the variability of saccade endpoints can 
throw more light on the saccadic subsys­
tem thought to underly the generation of 
saccade metrics and, furthermore, whether 
such a study can help to distinguish among 
various schemes that have proposed dis­
tinct mechanisms for amplitude and di­
rection coding (Becker and Jürgens, 1979; 
Van Gisbergen et al., 1985,1987; Deubel, 
1987). We therefore have tested the im-
plications of a slightly extended version 
of the ensemble coding model against be-
havioural data in four human subjects. 
The variability in saccade endpoints re-
flects both noisy variations in the precision 
of presaccadic fixation and inaccuracies in 
the saccadic response itself. We have ap-
plied a procedure which removes the effect 
of fixation inaccuracy (see Methods) to en-
sure that our saccade scatter data truly 
reflect variability in the programming of 
saccades rather than shortcomings in fix-
ation. The results, obtained from human 
subjects, appear to confirm and to extend 
Deubel's basic finding. Part of these re-
sults has been presented elsewhere in a pre-
liminary form (Van Opstal and Van Gis-
bergen, 1987a; Van Gisbergen and Van Op-
stal, 1987). 
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Figure 1: Illustration of fixation-scatter removal and definition of scatter measures. 
A: Endpoints of uncorrected saccade vectors. Subject RJB; target position (R, Ф) = (2,225) 
deg. Number of saccades: 282. All saccade onset positions have been shifted to the origin so 
that the vector endpoints partly reflect the scatter in fixation positions. Note that R-scatter 
exceeds Φ-scatter. B : Same saccade endpoints as in (A) after applying the correction procedure 
outlined in Methods. Endpoints now reflect only the metrical noise. Note that the distribution 
of endpoints is even more elongated along the Д-dimension after correction. 
2 Methods 
2.1 Experimental procedures 
Subjects, all male and with normal vision, 
were seated in complete darkness at 57 cm 
from a tangent screen on which a bright 
round target spot (5cd/m~, O.Sdeg) was rear-
projected. Our two main subjects (JVG and 
RJB) were required to make up to 290 sac-
cades to each of various target positions in 
separate sessions. In the й-series experi­
ments, target direction was kept constant at 
225 deg, and amplitude (Й) was varied in sub­
sequent sessions as follows: ¡2,5,10,20,30,40,50 
deg]. In Φ-series experiments, amplitude was 
set at 20 deg and target directions (Ф) were: 
[90,180,200,225,270,315 deg]. Two other sub­
jects (CLB and WBS) were tested similarly 
but less extensively (Л-series only). 
A typical session consisted of 6-8 sequences, 
each containing 36 test trials to a fixed target 
position. In order to reduce the possibility of 
predictive drift (see below) 10 control trials, 
with target positions diametrically opposite 
to the test-target location, were inserted ran­
domly in the sequence. For target eccentrici­
ties below 30 deg the stimulus step started at 
the primary position. In the large-amplitude 
experiments, fixation and target spots were 
positioned diametrically opposite to the pri­
mary position. In all experiments, the target 
jumped to the peripheral location after a ran­
dom fixation time (800 - 1400 msec). The sub­
ject was asked to refixate the peripheral target 
as fast and as accurately as possible. Subjects 
were repeatedly urged to abstain from predic­
tive tracking. In all subjects eye movements 
of the left eye were measured with the search-
coil technique, to ensure a high signal-to-noise 
ratio and linearity over a considerable range 
(Collewijn et al., 1975). 
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Figure 2: Schematic illustration of the ap­
plied measures for the scatter parameters in 
this paper. An orthogonal coordinate system 
(p, q), where the extension of the g-axis inter­
sects the fixation spot in the below-left cor­
ner, is defined through the center of the scatter 
plot. Histograms along the q- (Д-scatter) and 
p-axes (Φ-scatter) involving all data points are 
constructed and standard deviations, сгя and 
σ*, respectively, are computed. 
2.2 Data-s election criteria 2.3 Two sources of variability in 
saccade endpoints 
The following criteria were used in order to 
select first-saccadic responses from test trials 
for further analysis: Latency had to exceed the 
value of 100 msec, which has been reported to 
be the lower limit for purely visually-elicited 
saccades (Kalesnykas and Hallett, 1987). In 
addition, response gain had to exceed 0.5; sac-
cade direction had to be within ±15<feg from 
the direction of the stimulus and, finally, the 
initial fixation position was required to be 
within two standard deviations from the mean. 
In general, a total of less than 3% of the data 
had to be rejected based on these criteria. It 
should be noted that saccade scatter data al­
ways refer to first-saccadic responses in test 
trials only. 
Despite the fact that the target appeared at 
the same location on the screen in 36 out of 
46 trials (see above), no systematic trend was 
observed with time in either response gain, la­
tency, normalized amplitude of retinal error 
after the first saccade or mean saccade veloc­
ity (defined as the ratio of saccade amplitude 
and duration) in the course of the experiment 
(see Results, Fig. 6). 
We wish to distinguish between two sources of 
variability which could contribute to the noisy 
variations of the saccade endpoints: 
(1) Fixation Noise. When the subject is asked 
to foveate the target he will generally do this 
only with finite accuracy (about 0.5 deg). In­
voluntary drift towards the expected stimulus 
location may aggrevate the situation. Fixation 
inaccuracy and predictive drift both influence 
the location of the target on the retina. This 
phenomenon, if not corrected for, may con­
ceivably cause a bias in the R- and Φ-scatter 
of saccade vectors. Since phenomena of this 
kind are not of interest for the purpose of the 
present analysis, their effect was removed by a 
correction procedure (see below). 
(2) Metrical Noise. Saccade metrics can also 
vary because the computation of saccade am­
plitude and direction, by the saccadic system, 
is also subject to noise. In the present paper 
the latter type of noisy variations is investi­
gated. 
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Figure 3: Saccade endpoint scatter plots for six different target eccentricities in the Ä-series 
experiments. Both axes and all panels are on the same scale (one degree per division). Target 
eccentricity is indicated in each box (Φ=225 deg in all cases). Note that for all target positions 
Д-scatter exceeds Φ-scatter. Note also that absolute amount of scatter increases with amplitude. 
Data from subject RJB. 
2.4 Removal of Fixation Noise 
Prior to the analysis of the actual saccades, 
the ensembles of initial and final fixation po­
sitions from all test trials were aligned on the 
starting and final positions of the target, re­
spectively. This was done by computing the 
center of gravity of initial and final fixation 
positions (averaged over 10 msec) of all suc­
cessful trials (definition, see above). This pro­
cedure yielded the d.c. and gain calibration 
parameters of that particular session. For the 
largest amplitude sessions (Д=50 deg), where 
eye positions up to an eccentricity of 25 deg 
were required (see above), we have corrected 
for the inherent slight nonlinearity of the eye 
movement recording system by applying the 
correction procedure, described in detail by 
Bour et al., 1984. 
Retinal error, defined as the difference vec­
tor between target position and first-saccade 
onset eye position, was computed for all suc­
cessive trials. Retinal error in each trial was 
considered as the relevant stimulus for the sac­
cadic system. Therefore, gain and direction 
of the first-saccadic response were determined 
with respect to the retinal error vector of each 
particular trial. 
Fig. 1A shows the scatter plot of saccade 
endpoints in the (Д, Ф) — (2,225) session 
(subject RJB) before the variability in start­
ing positions had been removed by the cor­
rection procedure. As can be seen in this fig­
ure, there is considerable scatter in the metrics 
of these responses and, in addition, Д-scatter 
seems to be larger than Φ-scatter. Part of the 
scatter, however, is caused by noisy presac-
cadic fixation positions of the eye. The result 
of cancelling out this type of noise has been 
depicted in Fig. IB. Note that the shape of 
the saccade endpoint scatter plot looks even 
more elongated along the A-direction than in 
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F i g u r e 4: Histograms of Д-scatter (left-hand column) and Φ-scatter (right-hand column). 
Target positions: Ft = 5 (top row), 20 (middle row and 40 (bottom row). Φ=225 in all cases. 
Subject RJB. All abcissas are on the same scale (5 deg per division). Ordinates: number of 
saccades. Scatter parameters of width (ση and σ*) and skewness (SR and 5*) of the histograms 
are indicated in each box. Note that .R-scatter histograms are slightly negatively skewed and 
that, in all cases, the Д-scatter histogram is broader than the Φ-scatter histogram. 
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Figure 5: Relation between scatter parameters (ад and σ*) and target position for all sub­
jects. Subjects are indicated by different symbols (JVG: circles; RJB: squares; CLB: triangles 
and WBS: diamonds). 
Α: ση (filled symbols) and σφ (open symbols) as a function of target eccentricity. Note that 
both parameters increase approximately linearly with eccentricity and that σψ is always smaller 
than ση. Data from Ä-series experiments. B: The same parameters as in (A) as a function of 
target direction. Note that the amount of scatter is independent of direction. For two direc-
tions in subject CLB (Φ—180 and 270 deg) an unexplained excessive amount of ñ-scatter was 
observed. Data from Φ-series experiments. C: ση and σφ plotted against each other. Note 
that the data can be described approximately by a straight line whose slope clearly exceeds 1.0 
(dashed line). 
the uncorrected plot. In the results that fol­
low, saccade endpoints are always presented in 
the format of Fig. IB. 
In order to quantify the shape of the saccade 
endpoint distribution, a simple measure has 
been defined. Histograms were constructed 
along an orthogonal coordinate system (p, q), 
defined as explained in Fig. 2. The resulting 
histogram along the q-axis was taken as the 
amplitude histogram of the saccades whereas 
the new p-coordinates of the endpoint data 
provide a measure for the direction scatter. 
Standard deviations, for amplitude and direc­
tion, ση and σφ respectively, taking into ac­
count all the data points, were then computed. 
In this paper we have adopted σφ as a mea­
sure of Φ-scatter. 
The bin width in the histograms weis chosen 
as follows: amplitude (or direction) range, p, 
of the saccades was taken as the difference 
between the largest-but-two and smallest-but-
two values. The binwidth, BW, of the his­
tograms is then given by BW — p/v'W, with 
N the total number of successful trials. 
2.5 Histogram skewness 
It can be shown that the two noise sources in 
the ensemble coding model, (population loca­
tion jitter and rate scatter), considered exten­
sively in the Discussion, yield different predic­
tions concerning the shape of the Ä-scatter his-
tograms. Because the collicular motor map is 
highly nonhomogeneous, it can be shown that 
Gaussian location jitter, in the model, should 
lead to a positively skewed distribution of sac-
cade amplitudes and a Gaussian distribution 
of saccade directions (skewness—0). By con-
trast, as will be explained later, rate scatter 
in the motor map will cause the distribution 
of amplitudes to be the same as the assumed 
variation in firing rates. Thus, rate scatter 
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Table I : Mean scatter ratio, a measure for 
the amount of anistropy in the collicular mo­
tor map (see Discussion and Appendix) for all 
subjects 
subject 
JVG 
RJB 
CLB 
WBS 
о-я/о-ф 
1.73 
2.16 
2.00 
1.74 
st. dev. 
0.19 
0.35 
0.23 
0.14 
F i g u r e β: Scatter ratio {σα/σ*) as a func­
tion of target position for all subjects. Same 
symbols as in Fig. 5A. A: Scatter ratio as a 
function of target eccentricity. Note that in 
all subjects this ratio is independent of eccen­
tricity ¡correlation coefficient for RJB: r=0.63 
(n=7, n.s.); JVG: 7-=0.05 (n=7, n.s.); CLB: 
r=0.37 (n=7, n.s.); WBS: r=0.25 (n=5, n.s.)]. 
B : Scatter ratio as a function of target direc-
tion. Note that in all except two cases (sub-
ject CLB: Φ -180 and 270 deg) the scatter ra­
tio is roughly comparable with the mean value 
found in the ñ-series [see (A)]. 
also allows the possibility that the amplitude 
distribution can become negatively skewed. 
A problem with the skewness measure is that 
it is very sensitive to noise (see also Van Opstal 
and Van Gisbergen, 1987b) so that it is not 
very useful to compute its value directly from 
the raw data. We have therefore smoothed the 
histograms by fitting them with a 6th-order 
polynomial function and have computed skew-
ness from the best-fit function (see Van Opstal 
and Van Gisbergen, 1987b, for more details). 
The skewness values of the amplitude scatter 
histograms are given in Table II of the Discus-
sion section. 
3 Results 
3.1 Saccade endpoint scatter plots 
for different target eccentrici-
ties 
In Fig. 3 we have plotted corrected saccade 
endpoints for six different target eccentrici-
ties of subject R J B (iï-sequence), all on the 
same scale. Notice tha t in all cases scat ter 
along the iZ-direction is larger than along 
the orthogonal direction. This appears to 
be a consistent finding in all subjects for all 
target positions presented (see also Figs. 5 
and 6). Notice also that the amount of 
scat ter increases strongly with ampl i tude 
(see below and Discussion). 
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Figure 7: Absence of long-term trends. A: Saccade gain does not show a significant relation 
with trial number (correlation coefficient, r=0.09, n=250, n.s.). The standard deviation in sac-
cade gain (not shown), computed in subsequent blocks of 15 trials, is also independent of block 
number (7·=.27; n.s.; number of blocks, n=17). Subject RJB, target position (R, Φ)-(5,225) 
deg. Number of responses: 250. B: Normalized magnitude of retinal error remaining after the 
first saccade of each trial as a function of trial number (r=0.08; n.s.). Correlation of the stan­
dard deviation with block number is r-0.22 (n.s.). C: Mean velocity (Amplitude/Duration, in 
deg/sec) as a function of trial number (r=-0.04; n.s.). Standard deviation: r=0.20 (n.s.). D: 
Onset latency plotted against trial number (r--0.09; n.s.). Standard deviation, Γ--0.21 (n.s.). 
3.2 Histograms of Amplitude and 
Direction Scatter 
In order to get a quantitative grasp on data 
such as in Fig. 3, we have constructed his­
tograms of first-saccade amplitudes and di­
rections for each target position (see Meth­
ods). Three typical examples of such his­
togram pairs [Subject RJB; R = 5, 20 and 
40 deg; Φ—225 deg], shown in Fig. 4, con­
firms that there is indeed more scatter in 
amplitude than along the orthogonal di­
rection dimension. Since these histograms 
were always single-peaked, it makes sense 
to characterize their width and their shape 
by two sets of parameters, i.e. standard 
deviation (ац for amplitudes and <7ф, for 
directions) and skewness (Sa and 5ф, re­
spectively, see Methods and Fig. 2). 
3.3 Relation between scatter pa­
rameters and retinal target 
position 
Fig. 5A summarizes the dependence of the 
scatter parameters, ид (filled symbols) and 
σψ (open symbols) on target eccentricity 
for all four subjects. It can be seen that 
both kinds of scatter show a roughly linear 
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Figure 8: Scheme summarizing the ensemble coding model of Van Gisbergen et al. (1987). 
A visual point stimulus (at Л
т
= 2 0 , Ф
т
=-45 deg) gives rise to a Gaussian-shaped population 
activity profile at the corresponding location in the deeper layers of the colliculus (afferent map­
ping stage). Each movement cell is connected to the horizontal ( Я ) and vertical (V) premotor 
systems through connection strengths Рн and Pv, respectively. 
As symbolized by the size of the synaptic connections with Я and V, caudal cells (e.g. 1,2, 
and 3) have stronger efferent connections than more rostral cells (4). Equal direction (-90,-
45,0,45,90) and equal magnitude (2.5,5,10,20,40,80) contours of the efferent connection strength 
of each movement cell have been depicted superimposed on the colliculus. Note polar-coordinate 
organization of the motor map. Depending on the location relative to the equal direction con­
tours, the cells are connected to the horizontal (1), the vertical (2) or both (3,4) movement 
systems. The equal-magnitude contours specify the strengths of these synaptic contacts. The 
magnitude of a given movement cell's contribution is proportional to both the cell's firing rate 
and the strength of the synaptic connections. 
The motor system, M, represents the geometry of the six eye muscles. All contributions of the 
recruited cells are summed at the motor stage and finally result in an eye movement that is 
directed to the position of the stimulus. 
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Figure 9: Extended version of the ensem­
ble coding model with the two different noise 
sources described in the Discussion. A: View 
on the collicular surface with population ac­
tivity profile, for an Д=20, Ф=0 deg saccade, 
centered at u = 2.85 mm on the horizontal 
meridian representation. Circle denotes 2σ 
[=1 mm] activity border. B: Location jitter: 
Cross section through the population activity 
profile along the horizontal meridian represen­
tation [v—0 mm] showing the effect of location 
jitter on the center location of the population 
activity. The location noise is assumed to be 
Gaussian, rotation-symmetrical and transla­
tion invariant throughout the motor colliculus 
for different saccades. The resulting saccade 
vectors will be distributed elliptically. C: Fir­
ing rate-scatter: Scatter in firing rates is as­
sumed to affect all neurons of the population 
simultaneously. Therefore the total number of 
spikes generated by the population is subject 
to noise which will result in scatter of saccade 
amplitudes. 
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increase with eccentricity. Fig. 5B shows 
that the same parameters have no obvi­
ous relation with target direction. In Fig. 
5C the direction scatter parameter σ-φ has 
been plotted as a function of the amplitude 
scatter parameter ац for all subjects and 
target positions. These data can be ap­
proximated by a straight line with a slope 
clearly above 1.0, which confirms that ад is 
consistently larger than σφ (see Figs. 1,3). 
Fig. 6A shows that there is no signif­
icant relation between target eccentricity 
and the ratio ад/а*. This result, show­
ing that the degree of ellipticity in saccade 
endpoint scatter plots of the type shown in 
Figs. IB and 3 was independent of ampli­
tude, was also obtained in the other sub­
jects. Fig. 6B demonstrates that the de­
gree of ellipticity of saccade endpoint scat­
ter plots has no obvious relation with tar­
get direction. In all cases the ratio σ^/σ^ 
exceeds 1.0, which would be the value pre­
dicted by the combination of location jitter 
and an isotropic motor map (see Discus­
sion). Table I summarizes the mean values 
of the scatter ratio for our four subjects, 
computed from the iî-series experiments, 
together with their standard deviations. 
Taken together, the data yield a fairly con-
stant value for ац/а^ which is in line with 
the location scatter version of the ensemble 
coding model (see below). 
3.4 Test on presence of long-term 
trends 
In order to check the extent to which the 
saccadic responses were affected by long 
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Figure 10: Data of subject RJB replotted 
in collicular coordinates. The inverse efferent 
mapping function of the colliculus, used in the 
remapping procedure (see Appendix in Ottes 
et al., 1986) had the parameters B
u
 —1.4 mm; 
B
v
— 3.0 mm/rad; A—3.0 deg. See Appendix 
for further explanation. 
Figure 11: The standard deviations for 
amplitude and direction, computed in blocks 
of 15 trials, are plotted against each other. 
Target position (Л, Ф)=(20,90), subject RJB. 
Correlation (r=0.23; n=14) is not significant. 
This finding is at odds with the location-
scatter hypothesis but is in line with indepen­
dent control of R and Φ (see Discussion). 
term effects which might be caused by fa­
tigue or the gradual emergence of predic­
tive tracking, we have plotted saccade gain, 
the normalized magnitude of the vecto­
rial retinal error remaining after the first 
saccade, mean first saccade velocity (see 
Methods for definition) and first saccade 
latency as a function of trial number. As 
can be seen from the four plots in Fig. 7A-
D, for a typical experimental session (І2=5 
deg, Ф=225 deg; subject RJB), no obvious 
dependence of these saccade parameters on 
trial number could be found. In general, 
normalized saccade gain, remaining retinal 
error, and onset latency had no significant 
relation with time in 75% of the experi­
mental sessions. 
We have also checked whether the amount 
of variation of these parameters showed 
a significant trend with time by comput­
ing their standard deviations in subsequent 
blocks of 15 trials. In all subjects tested it 
was found that the standard deviation in 
these parameters did not vary significantly 
with time in the large majority (more than 
90%) of sessions (not shown). 
In a substantial number (60%) of exper­
iments we found that mean eye velocity 
showed a slight but systematic negative 
trend with time. In the large majority of 
sessions, however, the decrease in mean ve­
locity did not exceed 10%. As will be ex­
plained in the Discussion, it is important to 
know whether metrical and dynamical pa­
rameters are somehow correlated with each 
other. It is not a trivial matter to inves­
tigate this because gain and (mean) eye 
velocity are related through the so-called 
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main sequence (Bahill et al., 1975). In 
order to circumvent effects of this inher-
ent relationship in our analysis, we have 
computed the standard deviations, from 
blocks of 15 trials, separately for gain and 
mean eye velocity, and have determined 
their correlation coefficient. If variations 
in arousal would somehow be a major un-
derlying factor in causing the characteris-
tic appearance of saccade endpoint plots 
(Figs. IB and 3), one would expect a clear 
covariation between these two parameters. 
In the large majority (34/38) of experimen-
tal sessions, however, no significant corre-
lation could be found (see Table IV and 
Discussion). 
Thus, the general picture emerging from 
these analyses is that the saccade endpoint 
distributions were not affected by learning 
effects nor by some kind of fatigue (see 
e.g. Schmidt et al., 1979) or changes in 
alertness during the experiment. Therefore 
it is unlikely that the observed scatter in 
these responses is due to such factors (see 
also Discussion). The absence of long term 
trends in the metrical responses does not 
guarantee, of course, that the behaviour 
of the subjects was completely stationary. 
As will be explained in the Discussion, the 
nonstationarity observed in certain scat-
ter parameters can be useful in discrimi-
nating between the two hypothetical noise 
sources in the extended ensemble coding 
model (see Discussion). 
4 Discussion 
4.1 General remarks 
In this paper we have confirmed and ex-
tended the earlier finding that saccade end-
point scatter is more elongated along the 
eccentricity dimension than along the di-
rection dimension (Deubel, 1987). We have 
shown in human subjects that this phe-
nomenon cannot be due to systematic in-
accuracies of presaccadic fixations; elim-
ination of fixation scatter may even en-
hance it (Fig. 1). We have also checked 
whether slow changes in performance could 
have contributed to this phenomenon but 
could not find any consistent trend with 
time for the parameters saccade gain, nor-
malized residual retinal error and latency 
(Fig. 7). Although it was found that mean 
eye velocity tends to decrease with time in 
about 60% of experimental sessions, this 
parameter does not show a significant cor-
relation with saccade gain, which is in line 
with earlier findings in the literature (cf. 
Jürgens et al., 1981; see below). 
We have also investigated whether the 
variation in these parameters shows a con-
sistent trend with time by computing their 
standard deviation in the course of the ex-
perimental session. Again, most experi-
mental sessions do not show a significant 
and systematic trend of these standard de-
viations with trial block number. 
In addition to Deubel's (1987) observa-
tions we have found that the scatter width 
parameters both along the eccentricity as 
well as along the direction dimension (σ^ 
and σψ, respectively) increase with target 
eccentricity but are roughly constant for 
equal-eccentricity target positions in differ­
ent directions. 
The ratio of <XR and <Τφ, a measure for 
scatter plot ellipticity (see Fig. 2), was 
roughly constant for all target eccentrici­
ties in all subjects studied (Figs. 5C and 
6). Comparable values for this ratio were 
obtained from equal-eccentricity targets in 
different directions. As can be seen in Fig. 
5C, the relation between Ä-scatter and Φ-
scatter was comparable in all subjects and 
can be approximated by a straight line, 
slightly different for each subject, with a 
slope clearly above 1.0 (see below). 
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R 
R 
2 
5 
10 
20 
30 
40 
50 
-series experiments, Φ= 
JVG 
0.21 
-0.23 
-0.81 
0.21 
0.08 
-0.42 
-0.20 
RJB 
-0.63 
-0.10 
-0.40 
-0.30 
-0.27 
-0.61 
-0.99 
CLB 
0.72 
-0.31 
-0.64 
-0.94 
-0.17 
-0.75 
-0.47 
=225 
WBS 
0.75 
-0.40 
0.00 
-0.15 
-0.29 
Φ-series experiments 
Φ 
90 
180 
200 
270 
315 
JVG 
-0.47 
-0.09 
-0.13 
0.05 
-0.52 
RJB 
-0.61 
-0.47 
-0.94 
-0.37 
-0.50 
, Я=20 
CLB 
-0.34 
0.05 
Table II: Skewness values of the amplitude scatter histograms (see Methods) for all experi­
mental sessions. 
4.2 Can noisy variations in the 
collicular motor map account 
for saccade scatter? 
4.2.1 Properties of the motor map. 
Three features of the collicular motor map 
are worth noticing: First, as an approxi­
mation, the collicular motor map is orga­
nized in polar coordinates (iZ, Ф; Robin­
son, 1972) in the sense that saccade am­
plitude (R) and direction (Ф) are repre­
sented along roughly orthogonal dimen­
sions. Second, the map is nonhomogeneous 
in that a disproportionately large area of 
the SC map is dedicated to the generation 
of small saccades (Robinson, 1972; Sparks, 
1986). Third, on the basis of Robinson's 
(1972) electrical stimulation data, Ottes 
et al. (1986) concluded that the motor 
map is slightly anisotropic since it is more 
expanded along the Φ-representation than 
along the Д-representation. 
We wondered whether these three proper­
ties of the motor map could underly the 
observed elliptical scatter of saccade end-
points in monkeys and humans (Deubel, 
1987; this study) by assuming noisy varia­
tions at the level of the collicular motor 
map. This possibility will be discussed 
further below by considering the effect of 
two hypothetical noise sources in the mo­
tor map within the frame work of the en­
semble coding model (Van Gisbergen et al., 
1987). 
4.2.2 Brief recapitulation of the ensem­
ble coding model. 
In the model, which has been extensively 
described elsewhere (Van Gisbergen et al., 
1987; Van Opstal and Van Gisbergen, 
1988), both saccade amplitude and direc­
tion are specified by the location of a large 
population of active cells in the deeper 
layers of the superior colliculus (Fig. 8). 
The location of the active population is de­
termined by a so-called afferent mapping 
function, which describes the correspon­
dence between retinal coordinates [(iZ, Ф), 
in deg] and SC coordinates [(u,v) in mm]. 
In line with the complex-logarithmic na­
ture of this mapping function, the result­
ing collicular map can be conceived of as 
a representation of the saccade vector in 
polar coordinates, where the collicular u-
axis (see Fig. 9) mainly represents sac-
cade amplitude (iZ) and the orthogonal v-
axis predominantly determines saccade di­
rection (Ф) (see below). Both the descrip­
tion of the population activity profile in the 
collicular map (see Fig. 8) and the prop­
erties of the afferent mapping have been 
matched to electrophysiological data from 
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Robinson (1972) and Ottes et al. (1986; 
see Van Gisbergen et al. 1987, for more 
details). The model illustrates how the lo­
cation of the recruited population can code 
the appropriate saccade metrics by assum­
ing that each recruited cell contributes to 
the total saccade by generating a small 
movement contribution (efferent mapping 
stage) in a direction which corresponds to 
its associated retinal locus. The amplitude 
of this contribution is determined by the 
mean firing rate of the cell in combination 
with its synaptic connection strengths with 
the premotor system downstream (see Van 
Gisbergen et al., 1987 and Van Opstal and 
Van Gisbergen, 1988, for more details). 
In the original ensemble-coding model (see 
above, Fig. 8) no attempt had been made 
to account for the variability in saccade 
metrics. In this paper we extend the model 
by considering two possible sources of noise 
in the collicular motor map: location jit­
ter and rate noise (Fig. 9). First, we 
assume that the location of the center of 
the active population has a Gaussian dis­
tribution (standard deviation: <TS, see Fig. 
9B) around the mean location specified by 
the afferent mapping stage (location jit­
ter). Second, we separately wish to con­
sider the possibility that the mean firing 
rate of all recruited cells in the popula­
tion is subject to noise (Fig. 9C), so that 
there is trial-to-trial variability in the total 
amount of spikes in the population acitiv-
ity profile (rate noise). 
4.2.3 Model predictions on the effects of 
location jitter. 
Since the motor map is nonhomogeneous, 
the model predicts that absolute R- and Φ-
scatter of the resulting saccade endpoints 
increase roughly linearly with target ec­
centricity when the amount of population 
activity jitter from trial-to-trial is iden­
tical for all locations in the motor map 
(translation invariance). It should be re­
alized that in the extreme case of a ho­
mogeneous motor map this model yields 
a constant amount of scatter for all tar­
get eccentricities. Therefore, the property 
of map nonhomogeneity is essential to ex­
plain our data (Figs. 3,5A) in terms of the 
population jitter model. 
In addition, the model predicts that the 
ratio of iî-scatter and Φ-scatter is ap­
proximately constant for target positions 
throughout the visual field apart from 
very small amplitude saccades, where this 
ratio is expected to be larger (see Ap­
pendix). This ratio, in the pure location-
jitter model, depends entirely on the de­
gree of anisotropy of the motor map: if the 
map is isotropic, R- and Φ-scatter will be 
equal. In the case of map anisotropy of 
the type found in the monkey (Ottes et 
al., 1986), however, iî-scatter will exceed 
Φ-scatter. For a more detailed analysis 
of the consequences of the pure location-
jitter model the reader is referred to the 
Appendix. 
It is possible to get an impression of the 
amount of location jitter which must be 
assumed to explain our findings and to 
test the translation-invariance assumption. 
If the model is correct, inverse mapping 
of the endpoint scatter onto collicular co­
ordinates, should yield a Gaussian distri­
bution of reconstructed population activ­
ity centers which is invariant for differ­
ent target positions. Furthermore, due to 
the nonhomogeneous nature of the motor 
map, the model predicts that the distribu­
tion of saccade amplitudes should be pos­
itively skewed, whereas saccade directions 
are expected to be distributed in a Gaus­
sian fashion. Finally, in the case of nonsta-
tionary jitter it is expected that variations 
in saccade amplitude and saccade direction 
will covary (see below). 
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4.2.4 Model predictions on the effects of 
rate noise. 
In this scenario only the amplitude of sac-
cades will be noisy since firing rate in the 
model only determines the amplitude of 
each cell's contribution (see above). The 
expected amplitude distribution in this 
case reflects the distribution of noise in 
firing rates because, in the model, pop­
ulation firing rate and saccade amplitude 
are linearly related (Van Gisbergen et al., 
1987). Since firing rate in the ensem­
ble coding model is a multiplicative vari­
able (see above and Van Gisbergen et al., 
1987, for details), rate noise in the model 
has a multiplicative effect. Therefore this 
model, as the location-jitter model, yields 
a proportional increase of amplitude scat­
ter with eccentricity. According to this 
scheme, the shape of the saccade amplitude 
histograms (as expressed by the skewness 
parameter) directly reflects the underlying 
scatter in population firing rates. Saccade 
directions, however, will not vary if rate-
scatter is the only noise source, because, 
in the model, saccade direction is not de­
termined by firing rates of collicular neu­
rons as such but by their relative connec­
tion strengths with the horizontal and ver­
tical premotor system, which depend ex­
clusively on their location within the motor 
map (see above and Fig. 8). The degree of 
ellipticity in saccade endpoint plots there­
fore reduces to the extreme case of elon­
gated radial lines. 
4.3 Test of the two models 
4.3.1 Experimental findings m the 
present study. 
As can be seen in Figs. 3 and 5, the experi­
mental data can be described succinctly by 
a linear increase of the two scatter param­
eters (ад and σψ) with target eccentric­
ity. The linear increase in absolute ampli­
tude scatter with target eccentricity is in 
line with the predictions of both the pure-
location jitter model and the rate noise 
scheme. Also the finding that this scat­
ter parameter is independent of target di­
rection is supported by both models. The 
result that direction scatter also increases 
linearly with target eccentricity is consis­
tent with the jitter model, but cannot be 
explained by rate noise alone. Therefore, 
the observation that the scatter ratio is 
roughly independent of both target eccen­
tricity (for R sufficiently large, see Ap­
pendix) and target direction (Fig. 6) can, 
at least in principle, be understood from 
the pure location-jitter scheme if it is as­
sumed that this ratio reflects the amount 
in anisotropy of the collicular motor map. 
However, for small amplitudes it is ex­
pected from this model that the scatter ra­
tio should be about twice as large (see Ap­
pendix). This prediction is not supported 
by the data of Fig. 6. 
To illustrate the implications of the pure 
population jitter model more directly, the 
scatter data of subject RJB have been re-
plotted onto a collicular motor map (Fig. 
10), whose amount of anisotropy was taken 
as 2.16 (Table I). We have computed 
that the reconstructed amount of popula­
tion activity jitter in the collicular motor 
map is about 60 μπι on the average (not 
shown) which is small (12%) in compari­
son with the width of the population ac­
tivity profile itself (σ=0.5 mm, Ottes et 
al., 1986). Also it should be noted that, 
in line with the model, the scatter his­
tograms in the colliculus for the different 
target positions, are reasonably compara­
ble and almost circular-symmetrical (mean 
ratio σχ/σ* = 1.0; st.dev. = .2). The 
largest deviations from rotional symmetry 
were found for small amplitudes (І2=2 and 
R=5 deg; see also Appendix). 
The implication of the location jitter 
model, that skewness of the amplitude his-
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R 
R 
2 
5 
10 
1 20 
30 
40 
50 
-series experiments, φ-
JVG 
0.02 
-0.07 
0.40 
0.03 
0.64t 
0.05 
-0.35 
RJB 
0.05 
0.45 
0.25 
0.44 
0.12 
0.40 
0.27 
CLB 
0.28 
0.06 
-0.16 
0.15 
0.23 
0.27 
0.13 
-225 
WBS 
0.52 
-0.39 
0.27 
-0.23 
0.20 
Φ-series experiments, Д=20 
Φ 
90 
180 
200 
270 
315 
JVG RJB 
-0.36 0.23 
0.12 
-0.15 
0.44 
-0.22 
0.38 
0.12 
0.39 
0.17 
CLB 
0.07 
0.15 1 
Table III : Correlation coefficients between the standard deviations, computed in blocks of 
15 trials, of saccade amplitudes and directions for all sessions. Only one case (f) yielded a 
significant correlation (P < 0.01). 
tograms should be positive in all cases is 
not supported by the experimental data. 
As can be seen in Table II, most sessions 
actually (27/38) yielded negative skewness 
values. This finding is compatible with the 
rate-scatter model if it is asumed that nor­
mally firing rates are close to some maxi­
mum value, so that variations can manifest 
themselves only in lower rates and hence in 
a decrease of saccade amplitude. It should 
be noted, however, that the phenomenon 
of negative skewness is rather subtle and, 
in most cases, not immediately clear by vi­
sual inspection of the data (see Fig. 4). 
It should be stressed, at this point, that 
the two models yield different predictions 
for the degree of covariation between the 
amplitude and direction variability of sac-
cades. Since in the rate noise model noise 
causes variability in saccade amplitude but 
not in saccade direction there is no rea­
son to expect covariation. By contrast, the 
location jitter model predicts covariation 
between saccade amplitude and direction 
variations when the amount of population 
jitter is nonstationary. In order to check 
the extent to which saccade amplitude and 
direction actually covaried in a given ex­
perimental session, we computed the stan­
dard deviations of amplitude and direction 
separately in blocks of 15 trials. A typical 
result of this analysis is presented in Fig. 
11. The complete set of correlation coeffi­
cients for all subjects and target positions 
is given in Table III. It is clear from these 
data that in all cases except one these two 
parameters do not have a significant cor­
relation. This result strongly supports a 
scheme with independent control of ampli­
tude and direction, such as the rate noise 
version of our model (see also Becker and 
Jürgens, 1979), and cannot be explained 
by the pure location-jitter version. Since 
the extreme versions of the model can ex-
plain some but not all features of the data, 
a model where both types of noise do con-
tribute to saccade endpoint scatter seems 
more realistic. 
4.3.2 Evidence from electrical stimula-
tion studies. 
Electrical stimulation studies in the deeper 
layers of the monkey superior collicu-
lus, currently performed in our labora-
tory (manuscript in preparation), reveal 
that lowering the electrical stimulation 
strength strongly influences the amplitude 
of the forthcoming saccades (cf. Mays 
and Sparks, 1983) but not their direc-
tion. It is also a consistent finding that 
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iï-series experiments, Φ=225 
R 
2 
5 
10 
20 
30 
40 
50 
ι JVG 
-0.06 
0.70t 
0.35 
0.10 
-0.03 
0.19 
0.08 
RJB 
0.28 
0.45 
0.18 
0.25 
-0.25 
-0.26 
-0.20 
CLB 
0.12 
0.61t 
0.38 
0.81t 
0.04 
0.25 
-0.29 
WBS 
0.08 
-0.13 
0.41 
-0.07 
-0.12 
Φ-series experiments, ß=20 
Φ 
90 
180 
200 
270 
315 
JVG 
0.17 
-0.11 
-0.09 
-0.26 
0.24 
RJB 
-0.01 
0.74t 
0.09 
0.44 
0.43 
CLB 
0.16 
0.03 
Table IV: Correlation coefficients between the standard deviations, computed in 15-trial blocks, 
of saccade gain and mean eye velocity. In only 4/38 sessions (t) a significant correlation 
(P < 0.01) is found. 
repeated stimulation with a constant cur­
rent strength yield elliptical saccade end-
point histograms just as we found in the 
present behavioural experiments. These 
findings can be explained by the ensemble 
coding hypothesis by assuming that lower­
ing electrical current intensity affects the 
size of the activated population of move­
ment cells, either by an overall decrease 
of the mean firing rate within the popu­
lation, or by shrinkage of the population 
profile. In either case, the decrease in 
the total number of spikes in the activity 
profile with decreasing stimulus intensity 
could account for the reduction in saccade 
amplitude. 
The fact that saccade endpoints are dis­
tributed elliptically at constant current 
stimulation conditions provides strong sup­
port for the assumption that the endpoint 
distributions are the result of noisy pro­
cessing at the motor stage rather than in 
the visual afferent pathways, but does not 
prove that they occur at the level of the 
collicular motor map (see below). 
Recently, Lee et al. (1988) have shown that 
reversible inactivation of a small area in 
the motor colliculus may still result in nor-
mometric saccades. To explain this find­
ing they favour a more complex ensemble 
coding scheme where the contribution of 
each cell depends also on the total popula­
tion activity. Their idea, which still needs 
to be worked out in the explicit form of a 
quantitative model that allows simulations 
cannot readily explain why saccade ampli­
tude depends on electrical-current strength 
(Sparks and Mays, 1983). 
4.4 Alternative models 
The fact that saccade endpoint plots have 
elliptical shapes with axes of symmetry 
along the eccentricity and directional di­
mensions can be understood if one as­
sumes that the subsystem which deter­
mines saccade metrics is organized in a 
polar-coordinate system. Theoretically, 
however, the ellipses may also result from a 
common noise source (such as arousal vari­
ations) in otherwise independent horizon­
tal and vertical channels downstream of the 
motor colliculus. One may wonder whether 
arousal may be a factor which causes the 
endpoints to be distributed elliptically in 
such a 'Cartesian' scheme (see e.g. Van 
Gisbergen et al., 1985). 
Trial-to-trial variations in arousal should 
be reflected in eye velocity fluctuations 
(Schmidt et al., 1979; Jürgens et al., 1981) 
and one may ask whether such fluctuations 
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may also underly the elliptical scatter ob-
served in saccade metrics. The problem 
of a possible relation between dynamical 
and metrical fluctuations has been stud-
ied for horizontal saccades by Jürgens et 
al. (1981). They found that after an in-
jection of Diazepam the dynamical prop-
erties of the saccades were highly vari-
able, but saccade gain was hardly affected. 
Their result suggests independent control 
of saccade metrics and saccade dynamics 
and taken together with the finding in our 
study that variations in mean eye velocity 
and saccade gain do not show a significant 
positive correlation in the large majority of 
the experiments (Table IV), makes it quite 
unlikely that the metrical variations in our 
study were caused by a fluctuating state of 
alertness of the subject. 
In line with this interpretation, current hy-
potheses on the premotor saccade genera-
tor downstream of the motor colliculus also 
propose that when the pulse generator fluc-
tuates, the hypothetical internal feedback 
loop of the saccadic system (see e.g. Robin-
son, 1975; Jürgens et al., 1981; Van Gis-
bergen et al., 1981) will always bring the 
eye on target so that the metrics of sac-
cades would not be expected to be influ-
enced by arousal effects. Thus, these mod-
els clearly allow for the possibility of inde-
pendent scatter in metrical and dynamical 
parameters. 
The finding of Lee et al. (1988) that lo-
cal inactivation of the motor colliculus may 
still result in normometric saccades even 
though the velocity of these saccades was 
clearly reduced, shows once more that the 
metrical and dynamical properties of sac-
cades may vary independently of one an-
other. 
An alternative conceptual model, proposed 
by Deubel (1987), assumes that the metri-
cal variations are the result of the organi-
zation of the saccadic system downstream 
of the motor colliculus but before the de-
composition stage yielding muscle-related 
control signals. Deubel suggested that this 
system is organized in a large number of di-
rectional channels, each with independent 
gain control. Such a model is in fact a 
(coarse) polar coordinate model and can 
explain, at least in principle, that ampli-
tude and direction of saccades are treated 
as independent variables and, in addition, 
that the scatter of saccade endpoints is el-
liptically shaped. 
4.5 Conclusions 
We have documented noisy variations in 
the amplitude and direction of saccades 
and have argued, on theoretical grounds 
and on the basis of data from the litera-
ture, that the noise source may be located 
at the level of the collicular motor map, 
or downstream, but before the decompo-
sition into muscle-related control signals. 
The ability of two distinct noise sources in 
the collicular motor map to explain various 
features of the data is discussed on the ba-
sis of a quantitative model. We conclude 
that combination of these factors would 
have to be assumed to explain most of the 
experimental phenomena. Certain alterna-
tive models cannot be excluded. 
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Appendix 
In this section the following two consequences of the population jitter model will be discussed: 
(1) the model yields an elliptical distribution of saccade endpoints. 
(2) the amount of scatter increases roughly linearly with eccentricity. 
In this model we have assumed that the location jitter can be described by a rotation-symmetrical 
Gaussian function, with standard deviation a
s
. The a»-contour of this distribution is given by 
the circle: 
(Auf + (Avf = (σ,)2 (A-I) 
where Ди and Δυ are small displacements in the Cartesian u and u-directions of the collicular 
motor map. To explain how circular-symmetrical noise of this type at the level of the motor 
map is expressed in the scatter of the associated saccade endpoints we need an expression which 
specifies how such a circle of population activity centers in the map is transformed into saccade 
vectors. This transformation from the collicular (u, v) to the motor (R, Φ) domain is given, in 
general, by the Jacobian matrix in equation (A-2): 
/ Au \ ( Su/6R Ъ-би/бФ \ ( R \ , 
\ Av J \ 6v/6R ±-6ν/6Φ ) ' \ RA<t> J y > 
The Jacobian matrix contains the partial derivatives Su/SR, 6v/6R, etc. In our particu­
lar case, these derivatives can be computed from expressions for the inverse efferent mapping 
function of the motor colliculus, proposed by Ottes et al. (1986): 
/ Au \ _ 1_ ( B
u
 • (R + A • соз(Ф)) -B
u
A-sin(i) \ ( R \
 ( A _ ^ 
\ Av ) N ' \ B
u
 A • яіп(Ф) Β
υ
 • (R + A • соа(Ф)) ) ' \ Я · ΔΦ ) K > 
where BU,BV and A are the parameters of the complex-logarithmic mapping function which 
completely determine its shape (see Ottes et al., 1986, for more details) and 
N - Я 2 + A2 + 2 · A R - СОА(Ф) 
For simplicity, we will now compute the distribution of saccade vectors around the horizontal 
meridian (Φ=0). Equation (A3) then simply reduces to: 
/ Au \ _ / В
Ц
/(Я + Л) O W R \ 
\ Av ) \Q BVI{R + A) ) \R•AΦ ) y ' 
It is now straightforward to compute the distribution of saccade vectors by substitution of 
equation (A-4) into equation (A-1): 
( ^ ) 2
 + ( ^ ) ^ ( # ± A ) 2 > . ) 2 {A -5) 
Ev -Du í>u * - ο
υ 
The implications of equation (A-5) are twofold: First, the equation describes an ellipse with 
axes of symmetry along the R and Φ-directions. The length ratio of the two axes is given by 
the ratio B
v
/B
u
, which is the amount of anisotropy of the motor map. Second, equation (A5) 
states that the amount of scatter in the (R, Ф) domain is proportional to R and implies that for 
R 3> A it is approximately linearly related to R. 
For the more general case (Φ φ 0) one has to substitute equation (A-3) into equation (A-1) 
which yields a more complicated expression. However, for R S> A (in the model i4=3.0 deg) the 
ellipse retains the same characteristics as given by equation (A-5). 
Note, in Fig. 10, that the data for small amplitudes (Я=2 and Л = 5 deg) are clearly not rotation-
symmetrical despite the fact that the value for scatter ratio он/а* is within the normal range 
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(see Fig 6A) In order, for the location jitter model to hold over the whole range of amplitudes, 
yielding rotation-symmetrical distributions in collicular coordinates in all cases, the scatter plots 
for small amplitudes should have been more elongated along the Д-dimension [by about a factor 
of 1 + j , see equation (A5)] than we actually found in our data 
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Comparison of Saccades Evoked by Visual 
Stimulation and Collicular Electrical Stimulation 
in the Alert Monkey 
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Dept. of Medical Physics and Biophysics 
University of Nijmegen 
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Abstract 
In the alert rhesus monkey we have compared the properties of saccades elicited 
by a visual stimulus (V-saccades) with those generated by electrical stimulation in 
the superior colliculus (E-saccades). We found that, whereas there exists a graded 
relation between .Ε-saccade amplitude and current strength, .Ε-saccade direction is 
remarkably independent upon electrical stimulation parameters. At sufficiently high 
current strengths (about 20μΑ), Ε-saccades are consistently directed toward the 
center of the movement field of nearby cells, except when stimulation is performed 
at sites near the vertical meridian representation. Further interesting differences 
between the amplitude and direction behaviour were observed when the variability 
in .Ε-saccade vectors, obtained with fixed stimulation parameters, was analyzed. 
In all cases, .Ε-saccade amplitude scatter exceeds direction scatter, suggesting the 
possibility of a polar coordinate organization for the coding of saccade metrics. 
These data are compared with K-saccade scatter data, recently obtained in the 
human (Van Opstal and Van Gisbergen, 1989c). 
Finally, an analysis of saccade dynamics shows that Ε-saccades can reach V-
saccadic velocities at higher current strengths. However, at near threshold current 
strengths, where Ε-saccade amplitude decreases (see above), we found at most stim­
ulation sites (22/37) that .Ε-saccades are consistently slower than V-saccades of the 
same amplitude. Possible mechanisms underlying the collicular role in saccade gen­
eration are discussed. 
Keywords: monkey - superior colliculus - movement fields - saccades - electri­
cal stimulation. 
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1 Introduction 
This paper deals with the properties of 
saccades evoked by electrical stimulation 
(.Ε-saccades, for short) in the superior col-
liculus of the monkey, analyses their rela­
tion with the electrophysiological proper­
ties of local movement cells and compares 
their characteristics with those of visually-
guided saccades (F-saccades). 
1.1 Current ideas on the collicu-
lar role in saccade generation. 
It is now widely accepted that the supe­
rior colliculus (SC) is involved in the gen­
eration of F-saccades. Cells in its deeper 
layers are vigorously active just prior to 
and during saccadic eye movements having 
metrical properties (amplitude, R, and di­
rection, Φ) corresponding with their move­
ment field (Schiller and Stryker, 1972; 
Wurtz and Goldberg, 1972; Sparks and 
Mays, 1980). This is also true for saccades 
elicited in other experimental paradigms 
(see Sparks, 1986 for an extensive review) 
as well as for spontaneous saccades, that 
can be observed when the animal freely 
looks about the laboratory room. 
Electrical stimulation with a train of 
cathodal pulses in the deeper layers of 
the SC, yields short-latency eye move­
ments (20-40 msec) that have clearly sac­
cadic properties (Robinson, 1972; Schiller 
and Stryker, 1972). It has been reported 
(Robinson, 1972) that the duration of elec­
trically evoked saccades is indistinguish­
able from spontaneous saccades. The stim­
ulation threshold can be as low as a few μΑ 
(Schiller and Stryker, 1972). 
It has also been reported that E-saccade 
amplitude and direction appear to depend 
predominantly on the anatomical location 
of the electrode tip within the deeper lay­
ers, rather than on specific parameters of 
the electrical stimulus (such as pulse fre­
quency, pulse width, current strength or 
train duration; Robinson, 1972; Schiller 
and Stryker, 1972). Thus, saccades are to­
pographically organized in a so-called mo­
tor map (Robinson, 1972). This map ap­
pears to have a polar-coordinate organi­
zation in which the amplitude (R) and 
direction (Φ) representations are coded 
along roughly orthogonal (Cartesian) di­
mensions. In addition, Robinson (1972) 
has demonstrated that this motor map is 
highly nonhomogeneous in the sense that a 
disproportionately large area is dedicated 
to the generation of small saccades. Re­
cently, Ottes et al. (1986) have shown 
that the nonhomogeneity of the motor map 
can be described by a logarithmic mapping 
function which resembles a miniature ver­
sion of the area 17 map in the monkey ex­
cept for the fact that the collicular map 
is anisotropic: in this map relatively more 
space is devoted to the direction represen­
tation than to the orthogonal amplitude 
representation. 
Since movement fields can be quite large 
(e.g. Schiller and Stryker, 1972; Sparks 
and Mays, 1980), it is generally accepted 
that for the execution of any saccade a 
large population of movement cells is re­
cruited (Mcllwain, 1976, 1982; Sparks et 
al., 1976). Ottes et al. (1986) showed 
that movement field data can be used to 
estimate the size of the population activ­
ity in the colliculus if the nonhomogeneity 
and anisotropy of the motor map are taken 
into account. By remapping the movement 
field data from motor to collicular coordi­
nates, they arrived at the conclusion that 
the population activity profile, centered 
at different locations for different saccade 
vectors, is translation-invariant through­
out the colliculus, at least in first approxi­
mation. According to their data, the pop­
ulation activity profile in the map can be 
described by a two-dimensional Gaussian 
having a width, σ
ρορ
, of about 0.5 mm. 
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The general idea that saccade amplitude 
and direction are determined by the loca-
tion of the entire population of recruited 
movement cells, rather than by a small sub-
set of the population, first expressed by 
Mcllwain (1976, 1982) and Sparks et al. 
(1976) has recently received strong exper-
imental support (Lee et al., 1988). The 
problem, then, for models of the saccadic 
system, is to explain how the location of 
the recruited movement cells can generate 
goal-directed saccades through connections 
with the motor system downstream. 
In their so-called linear ensemble-coding 
model, Van Gisbergen et al. (1987) as-
sume that each recruited movement cell 
contributes to the saccade by generating a 
small movement tendency, which depends 
on the cell's location in the motor map and 
its firing rate. The total saccade would 
be the linear vector sum of all cell con-
tributions. Since the overall behaviour of 
the model is linear, it cannot account for 
the averaging saccades that are observed 
as a result of electrical double stimula-
tion (Robinson, 1972). Instead, the model 
yields the linear vector sum of the indi-
vidual stimulation effects (Van Opstal and 
Van Gisbergen, 1989a). 
Recently, we have extended this linear 
model by allowing lateral inhibitory in-
teractions within the deeper layers (Van 
Opstal and Van Gisbergen, 1989b). In 
this so-called lateral interaction model, re-
cruited cells inhibit all the other collicular 
cells, with a strength that increases with 
the cell's activity. Furthermore, the in-
put/output characteristic of the neurons, 
is assumed to be a saturating function so 
that the overall behaviour of this version of 
the model is nonlinear. Simulations have 
shown that the model can mimiek averag-
ing responses to electrical double stimula-
tion in the deeper layers (Van Opstal and 
Van Gisbergen, 1989b). 
An alternative, conceptual, scheme has 
recently been proposed by Lee et al. 
(1988). They propose, in essence, that the 
contributions of the cells are somehow non-
linearly weighted downstream of the motor 
colliculus, in order to yield a movement 
corresponding to the center-of-gravity of 
the population activity profile. If such a 
model can be worked out it will also ex-
plain averaging in the double-stimulation 
experiments. 
1.2 Motivation for this study. 
If it is correct to assume that electrical 
stimulation leads to an activity profile in 
the deeper layers, the height and width 
of which can be manipulated by current 
strength (see e.g. Stoney et al., 1968; 
Alexander and Delong, 1985; Mcllwain, 
1982; Van Opstal and Van Gisbergen, 
1989b), the three models mentioned above 
yield rather different predictions with re-
gard to the metrical properties of the re-
sulting saccades. The linear ensemble cod-
ing model predicts a monotonie increase of 
saccade amplitude as current strength in-
creases (see Van Opstal and Van Gisber-
gen, 1989a). By constrast, in the lateral in-
teraction model the inhibition prevents the 
overall collicular activity of becoming too 
large and therefore results in a saturating 
relation between current strength and sac-
cade amplitude (see Van Opstal and Van 
Gisbergen, 1989b, for more details). Fi-
nally, a center-of-gravity scheme predicts 
that saccade amplitude will remain inde-
pendent of current strength. 
In the literature, so far only Sparks and 
Mays (1983) have provided some experi-
mental data on how saccade amplitude de-
pends on current strength. It was found 
that for low stimulus intensities saccade 
amplitudes are generally small and vari-
able when compared with higher current 
strengths. For stronger currents, saccade 
amplitude levels off at a constant value. 
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This finding is at odds with the notion 
that only the locus of activity determines 
saccade metrics and suggests that the to­
tal amount of collicular activation, manip­
ulated by current strength, may also be 
important. The main purpose of the ex­
periments described in this paper is to in­
vestigate this point in greater detail (see 
below). 
It has been reported that the metrics 
of .Ε-saccades correspond, at least quali­
tatively, with the movement fields of cells 
nearby the stimulation electrode (Schiller 
and Stryker, 1972). If indeed a graded re­
lation between current strength and sac-
cade amplitude exists (see above), there 
is no longer an exclusive one-to-one cor­
respondence between the location of the 
population activity profile and the result­
ing metrics of the saccade. Therefore, it 
seemed of interest to investigate the rela­
tion between .Ε-saccade metrics and the lo­
cation of nearby movement fields quanti­
tatively over a range of current strenghts. 
Also on theoretical grounds this relation­
ship is of interest. It is generally assumed 
that both colliculi are simultaneously ac­
tive during the generation of vertical V-
saccades. The three ensemble-coding mod­
els mentioned above yield quite different 
predictions for electrical stimulation near 
the vertical meridian representation, when 
presumably only one colliculus is being ac­
tivated. According to the linear ensem­
ble coding model (Van Gisbergen et al., 
1987) the relation between saccade ampli­
tude (R) and current strength (I) will be 
less steep (by a factor of two) at these 
sites, due to the fact that now only one 
half of the population of cells, recruited 
during vertical F-saccades, can contribute 
to the .Ε-saccade. Accordingly, saccade 
direction will be directed away from the 
vertical to the contralateral side and it 
is also expected that this effect increases 
with current strength. The lateral inter­
action model (Van Opstal and Van Gis­
bergen, 1987a, 1989b) again yields a satu­
rating relation between amplitude and cur­
rent strength, but now final saccade ampli­
tude is roughly half as large EIS the optimal 
amplitude of the nearby movement field 
{Ropt)- The prediction for saccade direc­
tion is equal to the linear ensemble coding 
model prediction. Finally, from the center-
of-gravity model it is expeced that saccade 
amplitude will correspond to the center of 
nearby movement fields. Also according to 
this model, saccade direction will be di­
rected to the contralateral side and will de­
pend on current strength. 
We have recorded and compared the 
movement fields of single units with the 
metrics of U-saccades evoked at different 
current intensities at several collicular sites 
near the vertical meridian representation. 
An interesting new result from these ex­
periments is that the discrepancy between 
.Ε-saccade vectors and movement field lo­
cations, predicted by all three models, was 
indeed found repeatedly. 
Recently, we have investigated, in hu­
man subjects, the variability of saccade 
endpoints, elicited by an identical visual 
stimulus in repeated trials (Van Opstal and 
Van Gisbergen, 1987b, 1988). It was a con­
sistent finding that the amount of scatter 
in saccade amplitudes (ад) is significantly 
larger than scatter in saccade directions 
(σψ) and that the ratio of amplitude and 
direction scatter is roughly constant over a 
wide range of target positions. Repeated 
electrical stimulation in the deeper lay­
ers, keeping the parameters of the electri­
cal stimulus constant, also yields a certain 
variability in saccade endpoints (Schiller 
and Stryker, 1972). In this paper we have 
investigated this variability quantitatively 
in the hope that these data would allow us 
to discriminate among various hypotheses 
which may be proposed to explain the V-
saccade scatter data (Van Opstal and Van 
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Gisbergen, 1989c). 
Finally, there is increasing evidence 
tha t activity in the S C has a correlation 
with the velocity of the ongoing saccade 
(Berthoz et al., 1986 and Muñoz and Gui-
t ton, 1987, in cat; Rohrer et al., 1987, in 
monkey). In addit ion, small reversible le-
sions in the SC appear to have hardly an 
effect on the metrics of goal-directed sac-
cades to the associated retinal locus of the 
inactivated region, but , instead, severe ef-
fects (up to 30%) on saccade peak velocity 
and durat ion are observed under these con-
ditions (Hikosaka and Wurtz, 1985; Lee et 
al., 1988). These findings indicate that the 
colliculus, through its overall level of ac-
tivity, may also be involved in determin-
ing the dynamics of saccadic eye move-
ments . At present, it is unknown whether 
the dynamics of Ε-saccades can be manip­
ulated by changing the amount of activa­
tion of the population activity (see above). 
We have therefore compared quantitatively 
the dynamical properties of i?-saccades un­
der the st imulation conditions described 
above, with similar V-saccades. 
2 Methods 
2.1 Experimental and recording 
procedures. 
Two adult macaque monkeys (one rhesus, LIS, 
and one fascicularis, L12) were trained to re-
fixate a target spot after it jumped from the 
central fixation point to a randomly chosen 
peripheral position. The animals, which had 
been water deprived for about 16 hr, were re­
warded with apple juice. The monkeys under­
went the same surgical procedures as described 
in detail by Ottes et al. (1987). 
A tungsten microelectrode having an impe­
dance between 0.3-1.0 MÜ at 1kHz, was low-
ered inside a guide tube through the dura. The 
microelectrode signal was preamplified, band 
pass filtered (-3dB at 100 and 6kHz, Grass 
P16 preamplifier) and monitored on a digital 
storage oscilloscope. Action potentials of iso-
lated single units could be discriminated from 
background noise by level detection (signal-to-
noise ratio generally better than 3.0) and their 
moments of occurrence, timed with 0.1 msec 
precision, were stored in a computer, together 
with the horizontal and vertical eye move-
ments (lowpass filtered at 150 Hz and sam-
pled at 500 Hz) which were recorded with the 
double-magnetic induction method (see Bour 
et al., 1984, for more details). Data of mon-
key L13 are from the right SC and saccadic 
movements of the left eye, whereas in monkey 
L12 the left SC and movements of the right 
eye have been recorded. 
We think that our electrophysiological data 
have been obtained from the colliculus, based 
on the following observations: Entry of the 
electrode into the superficial layers of the SC 
could easily be detected by clear background 
activity to visual stimulation, made audible by 
a small loud speaker. In line with earlier re-
ports, cells with clear movement-related activ-
ity, topographically corresponding to the ear-
lier detected purely visual responses (except 
for modest shifts), were found in deeper lay-
ers usually about 1.0-1.5 mm below the su-
perficial layer activity. At these sites, sac-
cades directed at the movement field location 
of the local neurons, as described by Schiller 
and Stryker (1972), could be elicited at quite 
low current strengths (see Results). The mo-
tor map, published by Robinson (1972), was 
used successfully in the planning of subsequent 
penetrations, including those near the verti-
cal meridian representation. Finally, after the 
present experiments were concluded, the mon-
keys have been used in other experiments in 
which a small injection of bicuculline (500ш? 
in 0.9///) yielded compulsary saccades with 
metrical properties that corresponded roughly 
with the known movement field location at 
the site of injection (see Hikosaka and Wurtz, 
1985). 
2.2 Study of movement fields. 
Visual stimuli were rear projected on a 
translucent screen which had a background lu­
minance of 1.2 cd/m2 and which was placed 
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at a distance of 57 cm from the monkey. The 
green target spot had a diameter of 0.5 deg 
and a luminance of about 5 cd/m2. Vision was 
binocular. In order to determine the parame­
ters of the movement field of a given (visual-
)movement cell, several scans through the field 
were obtained (see Ottes et al., 1986): a field 
scan, in which 49 target positions (7 differ­
ent eccentricities each at 7 different directions) 
together covering the entire movement field, 
were presented in random order. Then an R-
scan (7 different eccentricities, fixed direction) 
and a Φ-scan (7 directions, fixed amplitude) 
through the presumed center of the movement 
field (each 49 trials) were performed. Usually 
the study of the movement field was extended 
with an additional field scan which covered 
only the central area of the movement field. 
If time permitted, the scan session ended with 
a series of 20 saccades to the estimated center 
of the movement field. 
2.3 Electrical stimulation. 
A train of cathodal pulses (Grass 88 and stim­
ulus isolation unit) was used to stimulate elec­
trically at the recorded sites. Train duration 
was always 70 msec, pulse width 0.25 msec and 
stimulation frequency was 350 Hz. These pa­
rameter settings have been used frequently in 
related studies (e.g. Robinson, 1972). Current 
strength, which could be monitored on a stor­
age oscilloscope (Hewlett Packard, 1201B) as 
the voltage drop over a 10Α.·Ω resistance in se­
ries with the return circuit from the monkey, 
was varied systematically (see below). A typ­
ical stimulation trial started with visual fix­
ation at the primary position during a pe­
riod between 800 and 1200 msec (random). 
Then the fixation spot was turned off and 
the stimulus train was applied after a delay, 
r, of 50 msec. Occasionally, τ weis also set 
to 0 msec, +100 msec whereas the fixation 
light was permanently on in some other tri­
als. Default current strength, usually 50μΑ, 
was chosen well above the threshold for evok­
ing a saccade (in the deeper layers usually 
below 10μΑ) and with this setting about 80 
saccades were evoked. In subsequent experi­
ments the current was lowered to 20, 10, 5 and 
2.5μΑ, respectively, and each current strength 
was applied 20 times. Sometimes we have 
also explored higher current strengths, but, 
apart from one case where a current inten­
sity of 170μ.4 was used (see Fig. 5), we never 
went higher than ΙΟΟμ,Α. Only first-saccadic 
responses with a latency between 15-100 msec 
after the onset of the stimulus train, a dura­
tion of at least 10 msec and a starting position 
within 3.0 deg from the primary fixation point 
have been included in the analysis of this pa­
per. 
In most experiments the cell that had been 
recorded from prior to stimulation still exhib­
ited the same activity pattern after the stimu­
lation experiments with the same quality of 
recording. This indicates that neither the 
nearby nervous tissue nor the electrode tip it­
self were damaged as a result of the stimula­
tion. 
2.4 Data analysis. 
Movement cell recordings. 
The following criteria were imposed in order to 
include first-saccadic responses in our analysis: 
saccade onset latency should be longer than 
90 msec; response gain, defined as the ratio of 
saccade amplitude and target amplitude, had 
to be larger than 0.5; the direction accuracy 
had to be better than 15 deg and the starting 
position of the eye should be within 3.0 deg 
from the primary fixation point. Finally, sac-
cade duration should not exceed D
max
, where 
D
mal was set at (20 + 2.0 · R) msec (Д is sac-
cade amplitude, in deg). Between 100 and 300 
correct responses could thus be obtained for a 
typical (visual- )movement cell recording. 
Visual and movement fields were deter­
mined from the pooled data of all scan exper­
iments (see above) as follows: visually evoked 
activity was determined by counting the num­
ber of spikes in a 100 msec window after target 
onset. Mean firing rate (number of spikes/sec) 
is then defined as 10 times the number of 
spikes. Movement-related activity was deter­
mined in a 100 msec time window symmetri­
cally around first-saccade onset (see also Ottes 
et al., 1986). The visual receptive field and the 
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Figure 1: Typical collicular movement field recording 
A: Dot-display of activity of a visual-movement cell in a field-scan experiment. Horizontal axis 
denotes time after stimulus onset (0-400 msec). Each line indicates a seperate trial lined up to 
visual stimulus onset and arranged according to saccade onset latency. Note a clear burst at 
about 65 msec associated with the visual stimulus and a second burst of activity that shifhts 
with the onset of the saccade. В : Vertical (upper trace) and horizontal (middle trace) eye posi­
tion for a near-optimal saccade of the cell's movement field, plotted as a function of time relative 
to peripheral target onset [scale: 2 deg/division]. The lower trace shows instantaneous firing 
rate of this neuron [scale: 100 (spikes/sec)/divj. A clear visual burst can be seen about 65 msec 
after target onset, followed by a more pronounced, movement-related, burst. Individual spikes 
are plotted under the lower trace. C : Saccades have been selected from the field-scan data for 
directions between ±8.5 deg from the optimal direction Ф
С
рі (168.8 deg). Solid line represents 
the predicted mean firing rate of the fit function, individual dots are measured mean firing rates. 
D : Saccades have been selected with amplitudes within 10% of the optimal amplitude, R^pt (6.3 
deg). Solid line is fitted mean firing rate. 
Cell: 132703. F^i=226.9 spikes/sec; σρ0ρ = 0.31 mm. Number of data points: 147. 
Visual and Electrical Stimulation 119 
cell type 
visual 
visual-movement 
movement 
total 
113 
97 
31 (18) 
14(8) 
142 (26) 
£12 
22 
26 (10) 
2(2) 
50 (12) 
total 
119 
57 (28) 
16 (10) 
192 (38) 
Table I: Data base of collicular recordings. 
The data in this study are derived from 38 
sites where visual-movement and movement 
cells have been found (numbers in parenthe­
ses). At 37 sites we have systematically varied 
current strength. 
movement field of the recorded neuron were 
then fitted (least-squares error criterion), as­
suming that the movement field, replotted in 
collicular coordinates, can be described by a 
rotation-symmetrical 2-dimensional Gaussian 
with parameters F 0 p t (maximal mean firing 
rate), Ropt, *op< (optimal amplitude and di­
rection of the movement field, respectively) 
and <TP„P (population width, in mm; see Ottes 
et al., 1986 and Appendix for details). Initial 
fit values for Fopt, Ropt and Φ opt were chosen 
at 90% of the values found in the most ac­
tive trial of the scan experiments, while σ
ρθ
ρ 
was set initiallyt at 0.5 mm. The fit procedure 
generally converged to an acceptable solution, 
based on the correlation coefficient between fit 
and data (typically larger than 0.80), the mean 
residual error and the difference between the 
optimal metrics found by the fitting procedure 
and the metrics associated with the most ac­
tive trial (see Results). 
In cases where the optimal saccade ampli­
tude of the movement field exceeded 35 deg, no 
proper fit could be obtained (2 cases) because 
limitations in both the eye movement record­
ing system and the oculomotor range of the 
monkeys did not allow us to explore the en­
tire field. In one case, however, (cell 122501) 
we have avoided this problem by letting the 
monkey fixate eccentrically. 
In order to include a collicular neuron in our 
movement field and stimulation analysis, three 
criteria had to be met: First, the recording 
of a visual-movement cell should show a clear 
burst of activity around saccade onset for sac-
cades belonging to the movement field. Sec­
ond, if tested, the threshold for electrical stim­
ulation should not exceed 20μ.4 and, third, the 
number of action potentials in the movement-
related burst should be larger than the number 
of spikes in the stimulus-related burst. Cells 
lacking a clear visual receptive field but hav­
ing a vigorous movement-related activity were 
classified as pure movement cells. In the re­
verse case cells were classified as visual cells. 
We have not performed tests enabling us to 
classify cells as quasi-visual cells (Mays and 
Sparks, 1980). 
Saccade parameters. 
The following parameters of electrically-
elicited saccades have been determined: am­
plitude {R), direction (Φ), latency (L), dura­
tion (D) and vectorial peak velocity {V
maz). 
Metrics. In order to quantify the amount of 
scatter in the amplitude and direction of sac-
cades, an orthogonal coordinate system (p, q) 
was defined through the saccade endpoints 
where the p-axis was defined as the mean di­
rection of the saccade endpoints relative to the 
fixation point. The histogram of saccade end-
points projected on this axis represents the 
amplitude distribution of the saccades. The 
width of this histogram was expressed in stan­
dard deviation ац (deg). The histogram of the 
saccade endpoints on the orthogonal (q-) axis 
was used to compute the standard deviation 
in saccade directions, σψ (deg). The difference 
between the largest-but-two and the smallest-
but-two values in each histogram was defined 
as the range, Δ, and the bin width was taken 
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Figure 2: Properties of collicular movement 
fields. 
Width of collicular movement fields in the two 
monkeys ((Tp0p; mm in collicular coordinates) 
as a function of optimal saccade amplitude. 
Only movement field fits that yielded a cor­
relation coeficient between fit and data larger 
than 0.80 have been included in this figure. 
Correlations between Л
о р ( and Срер ¡-0.32 for 
monkey 113 (JV=21) and 0.31 for monkey L12 
(ЛГ=9)] are not significant. 
О Ю 20 30 АО 
OPTIMAL SACCADE AMPLITUDE Heg) 
cis the ratio A/y/Ñ, with N the total num-
ber of data points. A simple measure for the 
shape of the saccade endpoint distribution is 
provided by the ratio ая/сг*. This procedure 
has been described in detail in Van Opstal and 
Van Gisbergen (1989c). 
The dependence of saccade amplitude 
on current intensity was fitted by a two-
parameter saturating function: 
ii(/) = fím<„!-[l-exp(-///o)] (1) 
In this equation Rmax [deg] represents the 
asymptotic amplitude of saccades induced by 
stimulation at high current strengths. Ιο [μΑ] 
is a parameter which determines how fast this 
maximum amplitude is reached. When cur­
rent intensity is 2 · Ιο μΑ, saccade amplitude 
is 86% of Rmax- Because sufficient data in 
the very low intensity range (< 2 — ΖμΑ) were 
lacking we have not, for reasons of simplic­
ity, introduced a separate parameter for the 
threshold in equation (1). Instead, the func­
tion is forced through (ƒ, R) = (0,0). 
Dynamics. In order to compare the dynam­
ical properties of V-saccades with .E-saccades, 
V-saccades of the field-scan experiments were 
selected by applying a direction criterion: sac-
cade direction was required to be within 15 deg 
of the optimum field direction, Φ<,ρ<. The main 
sequences for both these selected V-saccades 
and the .Ε-saccades were subsequently deter­
mined: the amplitude/peak velocity {R/У
та1 ) 
relation was found by fitting an exponential 
function just as in equation (1), but now with 
parameters VO and До [asymptotic peak ve­
locity (deg/sec) and angular constant (deg)] 
instead of R
maI and 7o, respectively. The 
amplitude/duration (R/D) relation was found 
by fitting a least-squares straight-line relation­
ship, D = a + b.R, [units: α in msec and b in 
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Figure 3: Relation between .Ε-saccade metrics and current intensity. 
A: £-saccade amplitude as a function of current strength. Note that there is a saturating re­
lationship. Solid line represents the result of fitting equation [1] to this data: Rmai—7.6 deg; 
Io 2=8.9 μΑ. Dotted line is the optimal amplitude, R„pt, found by fitting the movement field 
of a local cell (same cell as depicted in Fig. 1). Note that R
max
 is somewhat larger than Ropt-
B: Saccade direction has no systematic relation with current strength. Dotted line represents 
the optimal direction of the same movement field (Fig. ID). Note that directions of ^-saccades 
(mode: 169.8 deg) scatter around Φ0ρ( (168.8 deg) at all current strengths. 
msec/deg) to the data. 
The parameters Vo, До, о and 6 of the V-
saccades were used to predict the dynamics 
(Κηαι and D) of an Ε-saccade of given am­
plitude. The residues, defined as the differ­
ence between measured and predicted dynam­
ics of the stimulation saccades, were subse­
quently computed. If iJ-saccades have the 
same dynamical properties as V-saccades, it 
is expected that the residues of both saccade 
duration and maximum velocity have a mean 
value equal to 0. 
3 Results 
3.1 Data base. 
A total of 192 collicular cells have been 
recorded from in the two monkeys 73 of 
which could be classified as either visual-
movement or purely movement cells (see 
Table I) . At 38 locations where (visual-
)movement cells were found electrical stim­
ulation experiments have been performed. 
The results in this paper are based on the 
d a t a from these sites. 
3.2 Movement fields of collicular 
(visual-)movement cells. 
Fig. 1 shows the movement field d a t a at 
a typical st imulation and recording site of 
monkey £ 1 3 . A dot-display of the cell's 
activity, aligned to stimulus onset,for sac-
cades obtained from a field scan near the 
center of its movement field (see Methods), 
is shown in Fig. 1A. Fig. I B shows the ac­
tivity associated with a near-optimal sac-
cade. A stimulus-related burst, at a la-
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Figure 4: /J-saccade metrics compared with movement field location. 
The two monkeys are represented by different symbols: ¿13 filled squares, L12 open squares. 
Only the data of stimulation sites with а Φ
ορ
( value away from the vertical meridian are shown 
in this figure. A: Asymptotic stimulation amplitude, R
mal (see equation [1]), as a function 
of the optimal amplitude of a nearby cell's movement field on logarithmic scales. B: Mode of 
stimulation induced saccade directions as a function of optimal movement field direction shows 
an almost perfect correlation for both monkeys. Note that two different clusters of data points 
arise, because different colliculi have been recorded from in the two monkeys. 
tency of about 65 msec, is followed, after a 
short period of silence, by a strong saccade-
related burst of activity. In Fig. 1С data-
points of saccade directions within 8.5 deg 
from the fitted optimal direction of 168.8 
deg have been selected from all the field 
scans. The movement field fitcurve for this 
optimal direction is shown as a continuous 
line. In Fig. ID, saccades with amplitudes 
within 10% from the fitted optimal ampli­
tude of 6.3 deg have been selected. Note 
the good correspondence between fit and 
data in both panels (correlation coefficient 
between fit and data for the whole data set: 
0.93, N=147). The standard deviation of 
the residual error, which is a measure for 
the amount of variability in the cell's re­
sponses is 30 spikes/sec. The mean resid­
ual error, a measure which indicates how 
well the model actually fits the data, is 0.4 
spikes/sec (a perfect fit would have yielded 
0 spikes/sec). 
The fitted movement fields of our sample 
of collicular visual-movement cells, which 
yielded a correlation coefficient between 
measured firing rate and predicted firing 
rate of 0.80 or more, yielded a mean value 
for F
opt of 179 (st.dev. 51) spikes/sec in 
monkey L12 (ΛΓ=9) and 181 (s.d. 48) 
spikes/sec in monkey £13 (JV=21). The 
mean values for the width of the move­
ment field in collicular coordinates {σ
ρορ
·, 
see Methods) in our two monkeys were .53 
(s.d. .17) and .45 (s.d. .19) mm, respec­
tively. These values agree well with the 
values reported by Ottes et al. (1986) [250 
(s.d. 116) spikes/sec and .51 (s.d. .20) mm, 
respectively]. The movement field centers 
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Figure 5: Results from the parafovel area. 
Cell 133205. Optimal movement field parameters: F
e
pi = 188 5 spikes/sec; R
ort=0.78 deg; 
Форі=200.9 deg, σ
ρορ
=0 29 mm A: By applying the inverse of the efferent mapping function 
(see Appendix), the best-fit movement field has been replotted in collicular coordinates. Iso-
activity lines at σρ0ρ and 2 crp0p mm from the population center (heavy dot) are shown. We 
observed only activity m one colhculus, despite the fact that both ipsi- and contralateral small 
saccades have been recorded B: Saccade amplitude as a function of current strength. Same 
format as Fig 3B. Note that Äm a i is about three times as large than Ropt. C: Saccade direction 
as a function of current strength. Same format as Fig. 3C. Note that Ф0р4 and evoked saccade 
direction are never in good agreement and that there appears to be a relation between current 
strength and saccade direction: saccade direction turns away to the contralateral side. 
covered a substantial part of the oculomo­
tor range: optimal amplitudes ranged be­
tween 0.74 and 27.6 deg and optimal direc­
tions between 79.8 and 261 deg in monkey 
L13. In monkey £12 these ranges were be­
tween 7.9 and about 40 deg for the ampli­
tudes and between -34 and 88 deg for the 
optimal directions. Despite a considerable 
amount of variation, no systematic relation 
between R0pt and population width, σρ0ρ, 
was observed. This is documented in Fig. 
2, where we have plotted сгрор as a func­
tion of R
opt for our two monkeys. In nei­
ther case the correlation coefficient is sig­
nificant, which supports the notion (Ottes 
et al., 1986) that the population activity 
profile is approximately translation invari­
ant all over the collicular motor map, and 
that, given a homogenous distribution of 
cells in the deeper layers, about the same 
number of movement-related cells is active 
for each saccade. The relation between 
F
opt and Ropt for our two monkeys (not 
shown) suggests a slight tendency for larger 
saccades to be associated with lower mean 
firing rates in both monkeys (see Discus­
sion). We have not checked whether also 
other measures of the cell's activity, such 
as maximum firing rate in the burst or the 
total number of spikes in the burst, would 
show a similar tendency. 
3.3 Relation between E-saccade 
metrics and current intensity. 
In Fig. ЗА it is shown that there exists a 
saturating relation between .Ε-saccade am­
plitude and current intensity for the col-
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Figure в: Comparison of movement field and electrical stimulation result near the vertical 
meridian. 
Cell: 133105. Optimal movement field parameters: F 0 p t = 159.6 spikes/sec; Д<,р(=7.1 deg; 
Фор< =258.8 deg; <Τρ
Ο
ρ=0.43 mm. A: Fitted movement field replotted in collicular coordinates 
(same format as Fig. 5A). Note that there is activity in both colliculi. B: Saccade amplitude as 
a function of current strength. Same format as Fig. 3B. Note that -Rma* is only 57% of Ropt-
C: Saccade direction as a function of current strength. Same format as Fig. 3C. Note that at all 
current strengths evoked saccade direction is directed away from the vertical meridian (to the 
contralateral side) and that there is a relation between evoked direction and current strength. 
licular location where the cell, depicted 
in Fig. 1, has been recorded. The solid 
line shows the result of the best fit of 
equation (1) to this d a t a set ( i ï m o i = 
7.6 deg, Jo = 8.9 μΑ). The dotted line 
represents the optimal saccade ampli tude 
(6.3 deg) as found by the fitting procedure 
of the movement field of cell 132703 (see 
Fig. 1С). In this case, saccade ampli tude 
evoked at high current intensities (R
ma
x), 
appears to be somewhat larger t h a n the 
opt imal ampl i tude of the cell's movement 
field. Fig. 3B depicts the relation between 
evoked saccade direction and current inten­
sity, together with the optimal direction of 
the cell's movement field (168.8 deg, dot­
ted line; see Fig. I D ) . The optimal sac-
cade direction of the movement field and 
electrically-evoked saccade direction (169.8 
deg, characterized by the mode in the di­
rection histogram) are in close agreement 
(see below). T h e results, presented in Fig. 
3 are typical for the large majority of stim­
ulation sites in both monkeys: The value 
of IQ ranged between 2.2 and 63.9μΑ in 
monkey 1 1 3 (mode: 6.8 μΑ; st.dev. 3.8 
μΑ) and between 2.0 and 11.8 μΑ in mon­
key L12 (mode: 5.3 μΑ; st.dev.: 3.3 μΑ). 
This means t h a t , on the average, de I(R) 
curve already s tarts to saturate at cur­
rent s trengths of less t h a n 10 μΑ (I0) and 
that the asymptotic amplitude, Rmax, is 
reached at about 20 μΑ (3-І 0 ) . Only in one 
case (site 132704) no clear saturating rela­
tion between current strength and saccade 
amplitude could be observed (see Fig. 10A, 
which shows d a t a from this site). This site 
yielded interesting d a t a on the dynamical 
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Cell 
133805 
130702 
133302 
132605 
122501 
133105 
133107 
movement field parameters 
Fopt 
104.1 
168.8 
182.2 
180.6 
136.4 
154.4 
168.4 
Ropt 
9.6 
2.4 
4.5 
3.5 
38.5 
7.1 
27.6 
* o P ( 
79.8 
83.5 
100.2 
117.1 
87.2 
258.8 
260.0 
CTpop 
0.48 
0.63 
0.70 
0.44 
0.83 
0.43 
0.36 
Ε-saccade results 
K-max 
14.0 
4.7 
7.0 
5.0 
25.6 
4.1 
12.9 
^ m o d e 
66.6 
105.0 
117.0 
135.4 
62.4 
244.1 
237.6 
h 
9.0 
20.4 
14.4 
4.1 
6.2 
5.0 
up 
down 
Table II: Results of recording and stimulation near the vertical meridian representation. 
Results of fitting the movement field and the sigmoid relation between iJ-saccade amplitude and 
current strength are given. .Ε-saccade directions are determined by the mode of the direction 
histogram obtained at a current strength of 50μ.Α. Note that .Ε-saccade direction is tilted away 
from the field's optimal direction (mean difference Ф0р( — Фт<.(іе = 19 deg; s.d. 4 deg). At site 
122501 the monkey was required to fixate 15 deg downward. Ята* for downward and large 
upward saccades is much smaller than Ropt of the movement field. For small and intermediate 
sized upward saccades Κ,ηαζ appears to be somewhat larger. This was also found for stimulation 
near the parafoveal area (see Figs. 4A and 5B 
properties of ^-saccades (see below). 
3.4 Correspondence between E-
saccade mettrics and move­
ment field location 
Fig. 4A shows the best fit value for the 
evoked asymptotic .Ε-saccade amplitude, 
(•R
mai), and optimal saccade amplitude, 
(Ä0p(), found by the movement field fitting 
procedure (see Methods), plotted against 
each other on logarithmic scales for collic-
ular locations that were way off the ver-
tical meridian representation (open sym-
bols: monkey £12; filled symbols: mon-
key ¿13). In general, a good correspon-
dence between evoked saccade amplitude 
and optimal amplitude was obtained (cor-
relations of 0.82 for L13 and 0.96 for L12, 
respectively). Note, however, that evoked 
saccade amplitude tends to be somewhat 
larger than the optimal amplitude for small 
amplitudes in monkey L13 (see also Fig. 5 
and below). This latter finding could not 
be confirmed in monkey L12, where data 
in the small amplitude range were lacking. 
Since no systematic relation was found be-
tween iïopt and IQ (correlations: 0.23 for 
L13 and -.38 for L12), nor between $opt 
and IQ, the R{I) relation was found to be 
invariant all over the colliculus. 
Fig. 4B shows the mode of .Ε-saccade di­
rections plotted as a function of the fitted 
optimal direction of a nearby cell's move­
ment field for both monkeys. No system­
atic discrepancy could be observed in ei­
ther monkey (correlations, LIS: 0.92 and 
L12: 0.98). We conclude, in line with 
the qualitative observations from the liter­
ature (Schiller and Stryker, 1972), that the 
metrics of electrically evoked saccades for 
current strengths beyond current strengths 
of 20μΑ are in good agreement with the 
optimal saccade metrics of a nearby cell's 
movement field (see Discussion). 
The parafoveal area. In one monkey 
(L13) we encountered four locations where 
the optimal amplitude of the cell's move­
ment field turned out to be less than 2 deg. 
At three of these locations we have stim­
ulated electrically. We did not find any 
activity of these movement cells for small 
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Figure 7: Scatter in ^-saccades. 
Site: 132904. Date are obtained at a fixed 
current strength of 50 μΑ. A: Saccade vec­
tor scatter plot. Note that there appears 
to be more scatter along the amplitude than 
along the directional dimension. B: Histogram 
of saccade amplitude scatter (see Methods). 
сгя=0.73 deg. C: Histogram of saccade direc­
tion scatter (see methods). <ТФ=0.28 deg. 
0 #10 
DIRECTION (deg) 
ipsilateral saccades. In Fig. 5A we have 
replotted the fitted activity of cell 133205 
in collicular coordinates (default parame­
ters for the collicular motor map have been 
used, see Appendix). Activity is indicated 
by iso-activity lines at σ
ρορ
 and 2 · σ
ρορ
 mm 
from the population center (heavy dot). 
Fig. 5B,C shows the stimulation results 
at this site in the same format as Fig. 
3. Note, that IQ is rather large in this 
case (63.9 μΑ) and that Rmax (2.5 deg) is 
markedly larger than R
opt (0.78 deg; Fig. 
5B; see also Fig. 4A). Stimulation thresh­
olds (< 5μΑ) and latencies of the visually 
evoked saccades into the cell's movement 
field at these four sites (mean mode: 148 
msec; s.d. 5 msec) were all in good agree­
ment with the majority of recorded sites in 
this monkey [mean mode of visually-evoked 
latencies, pooled for all field scans: 
msec (s.d. 14)]. 
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3.5 Electrical stimulation near 
the vertical meridian. 
On seven occasions the recording elec­
trode was situated near the collicular ver­
tical meridian representation. The re­
sults of recording and electrical stimula­
tion at these sites are presented in Table 
II. In these cases it was found that the 
cell discharged for saccades to visual tar­
gets on and near the vertical meridian (five 
times up, twice down) with contralateral as 
well as ipsilateral horizontal components. 
These findings show that both colliculi are 
simultaneously involved in the generation 
of visually triggered (near-)vertical sac-
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Figure 8: Ε-scatter data of monkey L13 for all stimulation sites. 
A: Note that both OR and σ* are related roughly linearly to the mode of electrically evoked 
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function of direction scatter, σ*. Note that all data points lie above the dotted line σκ = σ*. 
Correlation coefficient between сгя and σ*: 0.87 for L13 and 0.93 for L12. 
cades. This has been depicted in Fig. 6A, 
where we have replotted the fitted activity 
of cell 133105 in the same format as Fig. 
5A. The fit of the movement field of this 
cell was judged satisfactory (correlation: 
r=.82, mean residue: -3.0 spikes/sec, stan­
dard deviation of residue: 33 spikes/sec; 
.N = 193). 
In Fig. 6B,C we have plotted the relation 
between current strength and saccade met­
rics at this site in format of Fig. 3. Also 
for this site a saturating function was found 
for the /(Ä)-relation (Fig. 6B). The most 
stiking feature of these data, however, is 
that Umax of the stimulation is only 57% 
of Ropt of the cell's movement field. How-
ever, the latter finding was not obtained 
in upward-direction movement fields, since 
in these cases fields associated with small 
upward saccades even yield slightly larger 
values for Rmaz when compared to R0pt. 
(see Table II and Discussion). In this sense 
there may be an asymmetry for upward vs. 
downward eye movements. 
As we have explained above (Introduc-
tion) three different ensemble coding mod-
els of the SC all predict that, for these 
sites, the direction of .Ε-saccades should 
differ from Фор«. Interestingly, this was 
found to be true in all cases (see Fig. 6C 
and Table II). It can also be seen in Fig. 6C 
that saccade direction turns farther away 
from the vertical meridian as stimulation 
strength increases. This finding applies 
to both downward and upward movement 
fields and will be considered further below 
(see Discussion). 
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Note that the small E-saccades are consistently slower than visually triggered saccades (see text 
for explanation) Larger E-saccades tend to have normal velocities 
3.6 E-saccade scatter. 
Fig. 7A presents a scatter plot of sac-
cade vectorb obtained by repeated electri-
cal st imulation at a fixed current s t rength 
of 50дЛ (site 132904). Note t h a t the vector 
distr ibution is clearly elongated along the 
ampli tude dimension. From the data, rep­
resented in Fig. 7A, we have constructed 
histograms of ampli tude (Fig. 7B) and 
direction (Fig. 7C, see Methods) . From 
these histograms s tandard deviations have 
been computed for ampli tude (aR) and di­
rection (σψ), respectively. 
In Fig. 8 we have plotted the scatter 
data, represented by the s tandard devia­
tions а д and σψ, for all experimental ses­
sions of monkey L13 (J = 50μΑ case). As 
can be seen in Fig. 8A, there is a signif­
icant relation between each of the scatter 
parameters and saccade amplitude, taken 
as the mode of the ampli tude distribution 
for these experiments. Clearly, the ampli­
tude scatter {(TJI) exceeds direction scatter 
(σψ) at all saccade amplitudes. The slope 
of the R/aR regression line (0.048) is al­
most twice as large as for the R/σφ rela­
tion (0.028). This finding also applies to 
monkey L12. 
Both scatter parameters are positively 
correlated, as is shown in Fig. 8B. There is 
no significant relation between scatter ra­
tio, ад/сгф, and saccade amplitude in nei­
ther monkey. In all cases the scatter ratio 
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at large current strengths, saccades reach normal V'-sacrade velocities. 
was larger than one (mean value of ση/σφ: 
2.0І0.5 for ¿12 and 2.9І1.4 for 113). The 
ratio is more variable and slightly larger 
than is found for human V-saccade end-
point scatter (1.9 ±0.4, averaged for 4 sub­
jects; see Discussion). The relevant corre­
lations obtained from our two monkeys are 
summarized in the legend of Fig. 8. 
3.7 Dynamical properties of E-
saccades. 
In order to check whether the dynami­
cal properties of .Ε-saccades are identical 
with those of V-saccades, we have ana­
lyzed their main-sequence relationship (see 
Introduction and Methods). A represen­
tative sample of our data, obtained from 
four different recording and stimulation 
sites, is shown in Fig. 9A-D. In this fig­
ure we have plotted the R - V
max
 data of 
V-saccades (small, filled symbols) and E-
saccades (large, open squares) in the same 
direction, together with the best-fit curves 
for the V-saccade responses (see Methods). 
A finding, quite often observed in our set 
of stimulation sites (29/37; Table III), is 
that .Ε-saccades, elicited at low current in­
tensities, are slower than V-saccades of the 
same amplitude (see e.g. Fig. 9A-D): the 
mean residual velocity in these .E-saccades 
{А
 таг
), defined as the difference between 
the V-saccade main-sequence velocity and 
measured Ε-saccade velocity (see Meth­
ods), is negative. There is a general trend 
that .Ε-saccades reach almost normal sac­
cadic velocities at higher current strengths. 
In these cases (22/37) there is a significant 
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correlation between saccade amplitude and 
residual maximum velocity. 
At some sites, ¿'-saccades remained 
somewhat slower for all current intensities 
applied (no significant correlation between 
R and AVmax; mean Д ™,^  < 0) and at 
a minority of sites tested (7/37), no sys­
tematic discrepancy between the dynami­
cal parameters of both saccade types could 
be observed. .Ε-saccades were observed to 
be somewhat faster than У-saccades (posi­
tive mean residue) in 2 cases. Our findings 
are summarized in Table III. 
As mentioned earlier, site 132704 (Fig. 
9B) is somewhat exceptional, since it was 
the only site where no sigmoid relation 
between current intensity and ¿-saccade 
amplitude could be observed (Fig. 10A). 
Interestingly, although different current 
strengths did not yield variation in saccade 
amplitudes, there was a significant rela-
tion between current strength and Д У
т а 1 . 
This is shown in Fig. 10B which demon­
strates that the low-current saccades were 
relatively slower. 
4 Discussion 
4.1 Graded relation between cur­
rent strength and E-saccade 
amplitude. 
One of the main findings reported in this 
paper is that there exists a consistent, 
graded, and invariant relation between cur­
rent strength and ¿-saccade amplitude 
(Fig. ЗА). This result extends an ear­
lier anecdotal finding of Sparks and Mays 
(1983) who reported such an effect at two 
stimulation sites. Our finding suggests 
that not only the site of stimulation in the 
motor map, but also the amount of acti­
vation both determine the amplitude of a 
saccade. The iï(/)-relation is not expected 
from a scheme which computes the center-
of-gravity of the population activity profile 
(Lee et al., 1988) since in such a scheme 
saccade amplitude is independent of the 
amount of activation. For example, in the 
extreme case of only one activated neuron, 
the center-of-gravity model will still yield a 
goal-directed saccade. The lateral interac-
tion model (see Introduction) yields quali-
tatively the type of iï(/)-behaviour present 
in our data (see Van Opstal and Van Gis-
bergen, 1989b). 
Since no relation is found between cur-
rent strength at a given site and ¿-saccade 
direction (Fig. 3B) saccade direction ap-
parently depends only on the site of stimu-
lation predicted by all three ensemble cod-
ing schemes. However, in line with these 
models (see Introduction), this rule is vi-
olated for electrical stimulation near the 
vertical meridian (see below). 
4.2 Properties of recorded move-
ment fields. 
Movement fields of (visual-)movement 
cells, when replotted in collicular coordi-
nates, are approximately translation in-
variant all over the motor colliculus (Fig. 
2). These data extend and support earlier 
findings reported by Ottes et al. (1986) 
and are in line with the idea that for the ex-
ecution of different saccades approximately 
the same number of collicular cells is par-
ticipating. We have not found evidence 
indicating that for the execution of large 
saccades the recruited cells have higher fir-
ing rates. Instead, there appeared to be 
a slight tendency in our data for optimal 
mean firing rate of the population to de-
crease slightly with increasing eccentricity 
of the saccade. We cannot rule out the 
possibility that the total number of spikes 
in the population may still be larger in 
the caudal colliculus because this tendency 
may be compensated for by a pronounced 
increase of burst duration for larger sac-
Visual and Eleclncal Stimulation 131 
monkey 
LU 
L13 
relation R-AV 
6 
16 
total , 22 
slower 
2 
5 
7 
faster 
1 
1 
2 
unclear 
2 
4 
6 
total 
11 
26 
37 
Table III: Dynamical properties of .ß-saccades. 
In 22 37 cases a significant relation was found between the residue of Ε-saccade V
m
az and am­
plitude: in these cases low-intensity saccades were slower (negative residue AVm
az), but reached 
almost normal velocities at higher current strengths. In 7/37 cases iJ-saccades remained slower 
under all stimulation conditions and no trend could be discerned. In 6/37 cases the amount 
of noise was so prominent that no conclusions could be drawn. Only in 2/37 cases .E-saccades 
appeared somewhat faster (positive residue) than V'-saccades of the same amplitude. Numbers 
refer to the number of stimulation sites. 
cades. This possibility is in fact subtly sug­
gested by data of Sparks and Mays (1980): 
omitting one deviating data point from 
there Fig. 4C yields a significant correla­
tion between saccade amplitude and burst 
duration. 
4.3 Correspondence between E-
saccade metrics and move­
ment field location. 
The analysis, presented in this paper, pro­
vides the necessary data for a quantitative 
comparison of £7-saccades with the move­
ment field properties of local cells. It is 
a general finding that (except for loca­
tions where cells have approximately ver­
tical movement fields, see below) the di­
rection of stimulation-induced saccades at 
all intensities is in good agreement with 
the optimal direction of the movement field 
of a recorded movement cell (Fig. 4B). 
Evoked asymptotic amplitudes agree well 
with R
opt for R > 5 deg in both mon­
keys (Fig. 4A). For small amplitudes, the 
asymptotic amplitude of the ^-saccades 
appeared to be somewhat larger (up to a 
factor of 3) than the optimal amplitude of 
the cell's movement field (data from mon­
key L13). 
When the electrode was positioned near 
the vertical meridian representation of the 
colliculus the electrically evoked saccades 
differed from the optimal metrics of the 
movement field in both amplitude and di­
rection. Increasing the current strength 
caused evoked saccade vectors to turn away 
more and more from the purely up- or 
down direction. We never succeeded in 
eliciting purely vertical E'-saccades. This 
latter point has also been reported by 
Robinson (1972). In all 7 stimulation sites 
the direction of the evoked saccades was 
more off-vertical than the optimal direc­
tion of the movement cell by about 19 deg 
at 50 μΑ (st.dev.: 4 deg; see Table II). As 
explained above, these findings are in qual­
itative agreement with predictions made by 
the three ensemble coding models (see In­
troduction and Fig. 6C). 
The evoked amplitudes, however, be­
haved differently for upward and down­
ward saccades. For large optimal ampli­
tudes (i.e. larger than 20 deg) evoked sac-
cades were markedly smaller than R
opt (up 
to 50%) for both up and down locations. 
This behaviour of the vertical .Ε-saccades is 
in line with predictions made by the lateral 
interaction scheme (see Introduction). For 
small and intermediate amplitudes (in the 
upward direction, but also in the parafovel 
region, see Figs. 4A and 5B), however, 
this effect was absent since evoked saccades 
were even larger than the optimal ampli­
tudes in monkey L13 (see Table II). 
These latter results cannot be readily 
explained by neither of the models that 
have been described in this paper. It is 
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known that the anatomical orientation of 
the two colliculi with respect to the mid­
line is such, that the collicular representa­
tions for small upward saccades are close 
together (see Robinson, 1972). Perhaps, 
stimulation at these locations excites cells 
in both colliculi, so that in these cases more 
cells contribute to the saccade than in the 
other stimulation conditions. 
4.4 Variability of saccade met­
rics. 
In a recent paper we have studied the prop­
erties of V-saccade endpoints which had 
been elicited by the same stimulus in a 
large number of trials. We found, in four 
human subjects, that amplitude scatter 
was consistently larger than direction scat­
ter and that both parameters were roughly 
linearly related with target eccentricity. In 
addition, it was found that the scatter ra­
tio, <тд/стф, weis approximately constant 
(mean value of 1.9) for all target positions 
tested. 
The fact that qualitatively similar scat­
ter phenomena can be obtained by electri­
cal stimulation in the deeper layers of the 
colliculus suggests that the noise source, 
underlying saccade endpoint scatter, is 
found at the level of the motor colliculus, or 
downstream, but is not a property of the 
visual system. Our monkey data suggest 
independent variability of saccade ampli­
tudes and directions because manipulation 
of current strength only affects saccade am­
plitudes (see Fig. 3). In addition, we found 
that the large variation in the scatter ra­
tio, σχ/σφ, was mainly due to variation in 
ад. This was especially clear in the data of 
monkey 113 (see Fig. 8A where the R/aR-
relation is clearly less tight than the R/aç-
relation. 
Our monkey data yield a slightly higher 
value for the scatter ratio, ад/сгф (2.9 for 
monkey Z/13 and 2.0 for monkey LI2) than 
was obtained in the human. This ratio is 
too large to be explained merely by noise 
in the location of the active population. 
In that case this ratio would reflect the 
amount of anisotropy of the collicular mo­
tor map (i.e. B
v
/B
u
 — 1.3; see Van Op­
stal and Van Gisbergen, 1989c, for specific 
details). If it is assumed that variations in 
tissue excitability result in variations of the 
average level of activity of the population 
(the so-called 'rate hypothesis'; see Van op­
stal and Van Gisbergen, 1989c) both the 
linear ensemble coding model and the lat­
eral interaction model predict variations in 
saccade amplitudes only. For the center-of-
gravity model (see Introduction), however, 
such variations cannot provide an explana­
tion for saccade-endpoint scatter, because 
in this model saccade metrics do not de­
pend on the level of activation. 
4.5 Influence of collicular activa­
tion on saccade dynamics. 
There is increasing evidence in the recent 
literature indicating that the SC some­
how can also influence the dynamics of 
saccades: Recently, Hikosaka and Wurtz 
(1985) and Lee et al. (1988) have shown 
that, under local inactivation of the SC, 
the animal can still make saccades repre­
sented by the inactivated region, but eye 
velocity in these saccades is severely re­
duced. Berthoz et al. (1986) and Muñoz 
and Guitton (1987) have provided evidence 
that the activity of tecto-reticulo-spinal 
neurons in the cat SC is correlated with 
instantaneous eye velocity. These findings 
are clearly at odds with earlier ideas, sug-
gesting that the SC is only involved in 
the control of saccade metrics (see Intro-
duction and above) and suggest that the 
level of activity in the neural population 
influences the velocity of the ongoing sac-
cade. Our finding that .Ε-saccades, elicited 
at very low current intensities, are often 
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slower than V-saccades of the same size is 
in line with this hypothesis, if it is assumed 
that under these stimulation conditions the 
population activity, imposed in the deeper 
layers, is less vigorous than at higher cur­
rent strengths. So far, none of the above 
mentioned models is endowed with a mech­
anism for explaining a possible collicular 
influence on saccade dynamics. 
In conclusion, we have applied electri­
cal stimulation in the deeper layers of the 
monkey coliiculus and found that there ex­
ists a graded and invariant relation be­
tween .Ε-saccade ampl i tude and applied 
current strength. At higher current in­
tensities ( > 2 0 / І Л ) , .Ε-saccade metrics cor­
respond well with the optimal saccade of 
a nearby cell's movement field, except for 
stimulation near the vertical meridian rep­
resentation and the parafoveal area. Since 
variability in E-saccade vectors, evoked at 
fixed st imulation parameters , has compa­
rable characteristics as the scatter d a t a ob­
tained from V-saccades in the human, the 
latter probably reflects a property of the 
motor system rather t h a n of the visual sys­
tem. The finding t h a t .Ε-saccades, evoked 
at low current s t rengths are slower than 
V-saccades of comparable size, whereas 
high-intensity Ε-saccades reach normal V-
velocities suggests indirectly that the level 
of activity in the coliiculus can affect the 
dynamical properties of saccades. 
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Figure 11: Applied procedure for fitting 
mo\ement fields around the \ertical merid­
ian Firing rate at [joint (X,Y) is ecjual to 
firing rate at point ( λ ' Л ') , which is found by 
mirrorring (A', Y) around the line through the 
center of the movement held (X0, Y0) (see text 
for explanation) 
Appendix 
Procedure for fitting the movement field for vertical saccades. 
Recently, Ottes et al (1986) have described a mathematical procedure which enables one to 
find the population activity profile in the motor colliculus associated with a given saccade 
This procedure, however, can only be applied when the population activity is confined to one 
colliculus For the execution of (nearly) vertical saccades this is clearly not the case (see Fig 
6A) The problem arises because in the colliculus the left and right halves of motor space are 
represented as two, spatially separated, areas In this section we describe a heuristic procedure 
which deals with this problem It is assumed that the movement fields of all collicular neurons, 
including those straddling the vertical meridian, are contiguous and symmetrical in motor space 
Now consider a given point, (Χο,Υο) [deg], in motor coordinates This point is associated with 
a collicular coordinate, (uo,v0) [mm], in one of the two collicuh, given by 
(¿o = sign(Xo) Bu In (\Xo\+A)
2
- Y2 (A - lo) 
υο — ß , atan( (A - 16) 
\Xo\ 1 A' 
where β „ (1 4 mm), B
v
 (1 8 mm/rad) and Л (3 0 deg) are parameters describing the shape 
of the motor map (see Ottes et a l , 1986, for details) Using equation (A-la,b), the firing rates, 
measured in motor coordinates, can be remapped in the two collicuh. 
The fitting procedure starts with an estimate for the population activity profile (see Methods) 
Xo, Yo, Fo and σο Take, for simplicity, Xo > 0 The firing rates for the associated collicular 
coordinates are then computed as follows 
For и > 0, the population activity profile, F(u,v), is described by the rotation-symmetrical 
two dimensional Gaussian 
F(u,v) 
'Ό exp 
(u uof + г>о)2 
2 σϊ 
2) 
For и < 0, associated with points in the left half of motor space [see equation (Α-la)], we 
have computed firing rate according to the following procedure (see Fig 11) 
First, (ω,υ) is remapped to motor coordinates (X,V) by applying the inverse expressions of 
equation ( 4-la,b) (see Appendix in Ottes et al 1986) Then (X, У) is mirrored around the line 
through the origin and the center of the movement field, (ΑΓο,^ο), yielding a new coordinate, 
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(Χ', Y') in the right half of motor space (see Fig. 11). Equations (A-la,b) and (A-2) are 
subsequently applied to compute the firing rate at (u',v') which is, for reasons of symmetry, 
equal to the firing rate at (u,v). 
After computation of the firing rates at all collicular coordinates, the mean square error is 
computed and new parameter estimates are determined. Then the procedure starts again untili 
the iteration has yielded the best fit parameters. 
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Role of Monkey Superior Colliculus in Saccade 
Averaging 
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Abstract 
We have investigated the involvement of collicular movement cells in the monkey 
in the execution of averaging saccades, elicited by a visual double-step stimulus. We 
found that movement cells are recruited during averaging saccades in roughly the 
same way as for comparable visually-elicted saccades to single targets ( V-saccades). 
Movement-cell responses during averaging saccades in trials where the target sud-
denly changed direction were often less intense than for a comparable K-saccade. In 
these cases, the averaging responses were observed to be also slower than K-saccades 
of the same amplitude. Firing rate and double-step saccade dynamics were found to 
be significantly correlated in 9/14 cells tested. Several hypotheses for the collicular 
role in the generation of averaging saccades are discussed. 
Keywords: Monkey - Superior Colliculus - Averaging Saccades - Movement Cells. 
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1 Introduction 
When the saccadic system is confronted 
with a visual stimulus that steps twice be­
fore the eye starts to respond, the metri­
cal properties (amplitude, R and direction, 
Φ) of the resulting saccade often resemble 
a weighted average of the initial and fi­
nal target positions (Becker and Jürgens, 
1979). Experiments on human subjects 
have shown that the metrics of the double-
step response depend in a graded fash-
ion on saccade latency relative to the on-
set of the second target step (Becker and 
Jürgens, 1979). Other behavioural stud-
ies have also revealed averaging responses 
when the two stimuli are presented simul-
taneously. In these experiments the met-
rics of the saccade depend on various fea-
tures of the stimulus configuration, such as 
relative size, eccentricity, direction or in-
tensity (Findlay, 1982; Ottes et al, 1984). 
Finally, averaging responses have also been 
observed when electrical double stimula-
tion is applied to the deeper layers of the 
superior colliculus (SC; Robinson, 1972), 
to the frontal eye fields (Robinson and 
Fuchs, 1969) or to both (Schiller et al., 
1979a). In all these cases the relative cur-
rent strengths of the two stimulation elec-
trodes determine the metrics of the result-
ing saccade. 
Recently, we have proposed a model for 
the SC based on ensemble-coding by re-
cruited movement cells, which can yield 
saccade averaging responses to collicular 
electrical double stimulation (Van Opstal 
and Van Gisbergen, 1989a). In this model, 
lateral inhibitory interactions within the 
deeper layers, together with a nonlinear in-
put/output characteristic of the movement 
cells, result in a population activity pat-
tern which is less than the linear sum of the 
individual stimulation effects. Thus, aver-
aging responses to collicular double stim-
ulation are proposed to be the result of 
an intracolhcular mechanism (see Van Op-
stal and Van Gisbergen, 1989a, for de-
tails). By contrast, Schiller and cowork-
ers have discussed the possibility that av-
eraging responses to electrical double stim-
ulation may result from the interaction 
of parallel pathways that converge down-
stream of the motor colliculus (Schiller et 
al., 1979a,b, 1980). Yet another alternative 
hypothesis for the occurrence of averaging 
responses in the behavioural paradigms (see 
above) has recently been put forward by 
He and Kowler (1987) who propose argue 
that such averaging responses are due to 
preprogramming by a higher-center deci-
sion mechanism. 
There is accumulating evidence that the 
movement-related cells in the SC are part 
of the final common pathway for saccades. 
Activity in these cells is linked to the on-
set of saccades that are directed into the 
cell's movement field (Wurtz and Gold-
berg, 1972; Schiller and Stryker, 1972; 
Sparks and Mays, 1980). Up to now, 
however, it is not known whether and, if 
so, how the colliculus participates in the 
generation of averaging responses in be-
havioural double-step experiments. In this 
study we have therefore recorded the activ-
ity of movement cells in the deeper collicu-
lar layers during the double-step paradigm 
and have explored whether the motor col-
liculus can fully account for the averaging 
responses in the double-step paradigm as 
would be expected if it is part of the fi-
nal common pathway. Complete collicu-
lar involvement implies that the responses 
of movement cells during a double-step 
saccade should be indistinguishable from 
those linked to similar single-target sac-
cades. If the motor colliculus is only par-
tially involved in the double-step paradigm 
it is expected that the behaviour of the 
movement cells during double-step sac-
cades cannot be predicted from its move-
ment field (for definition: see Sparks and 
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Mays, 1980) as determined with single-
target saccades. Since we observed tha t 
collicular movement cells are indeed re-
cruited during the execution of double-
step responses (see Results), the theoret-
ical possibility that the motor colliculus is 
not involved at all, could be rejected right 
away. 
We often observed that the activity of 
movement cells during averaging responses 
was somewhat lower than for comparable 
single-target saccades. The interpretat ion 
of this result is not straightforward since 
the averaging saccade responses tended to 
be somewhat slower than saccades to a sin-
gle target . Two different a t tempted expla-
nations will be discussed. 
2 Methods 
A total of 192 collicular cells have been 
recorded from two trained macaque monkeys, 
one rhesus (¿13) and one fascicularis ( Ι Ί 2 ) . 
The data in this paper are derived from 14 
movement-related cells (movement cells, for 
short) in the intermediate and deeper layers 
of the SC: 9 from monkey L13 and 5 from 
monkey ¿12. The method of eye movement 
recording, the surgical procedures, and rele-
vant visual stimulation and electrophysiolog-
ical techniques have been described in detail 
in other papers from our group (Bour et al., 
1984; Ottes et al., 1986; 1987; Van Opstal and 
Van Gisbergen, 1989b). 
As shown schematically in Fig. 1A, move-
ment field data were collected by measuring 
the activity of movement cells during sac-
cades to single visual targets (single-target V-
saccades) in an Д-Ф range covering an area ex­
tending beyond the cell's presumed movement 
field. As in our earlier papers, we determined 
mean firing rate of a cell's response by count­
ing the number of spikes in a 100 msec time 
window, symmetrically around saccade onset. 
A quantitative description of the movement 
field for single-target V-saccades was obtained 
by applying the same method as described in 
detail by Ottes et al. (1986) and Van Opstal 
and Van Gisbergen (1989b). 
2.1 The double-step experiment. 
A double-step sequence consisted of 36 sin­
gle and 20 double-step trials, mixed at ran­
dom. Five single-target positions (Α-E) were 
presented in and near the movement field of 
the cell under study and were each targeted 
4 times (Fig. 1A). These trials served to 
check whether the recording of the movement 
cell was stationary and allowed comparison 
with the earlier recordings of the single-target 
movement field data. The remaining 16 sin­
gle target positions in the sequence were at 20 
deg eccentricity on the horizontal and vertical 
axes. Target positions A and В also served as 
the initial and final target locations in a so-
called ΔΦ double-step experiment (containing 
both AB and BA trials), whereas D and E 
were the first and second target location, re­
spectively, when a so-called ДД double-step 
experiment was performed. In both types of 
double-step experiments we tried to evoke an 
averaging saccade directed at the movement 
field. Stimulus intensities of the first and sec­
ond target of a double-step were usually equal, 
but were occasionally made different in or­
der to favour the occurrence of averaging re­
sponses. A total of 86 ΔΦ sequences (14 units) 
and 21 AR sequences (4 units) have been per­
formed. 
2.2 Analysis of double step re­
sults. 
The following parameters of the first-saccadic 
response to the double-step target jump have 
been determined: amplitude ( Ä D ) , direction 
(Фо), latency with respect to second target 
onset {LD), mean firing rate (FD; see above), 
maximum eye velocity (
 т
ах,о) and duration 
(DD). 
In order to compare a given cell's firing rate 
with the movement field properties of single-
target V-saccades, like in Fig. 2, we performed 
the following selection procedure: From the 
ΔΦ experiments we selected double-step sac-
cades having amplitudes within 10% of the 
mean double-step saccade amplitude. For ΔΑ 
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Figure 1: Design of double-step experiments 
A) Positions of the various stimuli. Dotted line schematically indicates the range of target 
positions tested in the movement field scans (see Methods). Single targets (A through E) were 
generally situated inside the cell's movement field (solid line). A double-step trial started with a 
variable fixation period at the primary position, after which the first target was presented. Then, 
after a period τ [r=40, 60, 90 or 120 msec, fixed within an experiment], the first target went off 
and the second target appeared on the screen. In a ΔΦ double-step experiment target A and В 
were at the same eccentricity but had a fixed angular separation of Δ Φ ^ Β , which was either 30, 
40 or 50 deg. In а Д Д (DE) double-step experiment, the direction of target E equalled that of 
target D, but its position was ARDE deg farther away from the initial fixation point. Both τ 
and ДФдв (or ARDE) were chosen such as to maximize the occurrence of averaging responses. 
B) Saccadic averaging response (labeled (Л )) in an (AB) double-step trial. The single-target 
V-saccades to A and В are also shown for comparison. Monkey: L12. C ) Vertical (upper trace) 
and horizontal (middle trace) eye position signals, for the averaging saccade in panel B, as a 
function of time relative to saccade onset (scale: 5 deg/division). Dotted line in the two upper 
panels denotes the primary fixation position. The lower trace shows instantaneous firing rate of 
the movement cell (124104; scale: 100 (spikes/sec)/div) associated with the averaging saccade. 
Individual spike moments are indicated by dots below this trace. Sample rate of eye movements 
in В and C: 500 samples/sec in each channel. 
experiments we have applied a similar crite­
rion to the direction domain: in this case 
double-step saccades having a direction within 
8.5 deg from the mean double-step response 
direction were selected. 
The predicted firing rate for a double-
step response in the direction Фо and with 
an amplitude RD, was taken as the value 
of the movement field fit-function of single-
target V-saccades at the corresponding field 
location (Дг>,Фо). The predicted maximum 
velocity and duration for double-step sac-
cades were obtained by using the correspond­
ing main-sequence relations of single-target 
V-saccades (see Legend of Fig. 3). The 
differences (residues) between measured and 
predicted mean firing rate (AF — FD — 
Ffidd) and between measured and predicted 
dynamics (AV
m
az and AD) were subsequently 
computed. If the properties of double-step 
responses are indistinguishable from single-
target V-saccade responses with the same met­
rical properties, these residues should scatter 
around zero. 
3 Results 
In Fig. I B we show a typical averaging 
saccade (indicated by AV) in a Δ Φ double-
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Figure 2: Movement cell firing rate and double-step saccade metrics. 
A) Perisaccadic firing rate of movement cell 123903 (monkey L12) as a function of double-step 
saccade amplitude (all with the same direction, see Methods) in a AR double-step experiment 
(pooled data from 3 repeated sequences). Solid line represents the fit-curve of the cell's single-
target V-saccade movement field along the same direction. Note that the cell's response is 
modulated by double-step saccade amplitude in roughly the same way as the V-saccade move­
ment field. Correlation coefficient between fit-function values and double-step data: r=0.65; 
У =39, Ρ < 0.001. В) Mean firing rate of movement cell 132704 (monkey L13) as a function 
of double-step saccade direction, all with roughly the same amplitude (see Methods), in a ΔΦ 
experiment (data from 5 sequences; ЛГ=59). The fit-curve of the single-target K-saccade move­
ment field (solid line) applies to data selected with the same amplitude criterion. The cell's 
response depends on double-step saccade direction in roughly the same way as the fit-function 
predicts (correlation coefficient for all data: r-0.66, N=72; Ρ < 0.001), except that the aver­
aging responses (Φ about 180 deg) are associated with less intense activity (see also Fig. 3). 
step trial (from A to B) together with the 
two control saccades to single-target pre­
sentations at A and B. In Fig. 1С we 
have plotted the instantaneous firing rate 
of the recorded collicular movement cell 
(lower trace) during the averaging response 
of Fig. IB, together with the vertical (up­
per trace) and horizontal (middle trace) 
eye position signals, all as a function of 
time relative to saccade onset. Note that 
a pronounced movement-related burst, as­
sociated with the onset of the averaging 
saccade, can be seen. From data such as 
these, typical for our sample of movement 
cells, we conclude that the deeper layers 
of the SC participate in the generation of 
averaging responses to a double-step tar­
get jump. Hence, the hypothetical possi­
bility that the colliculus would be entirely 
bypassed during such a task (see Introduc­
tion), can be rejected right away. 
Of course, by itself this result does not 
prove that the SC is completely involved 
in the generation of the averaging saccade. 
For example, one of several conceivable 
possibilities is that the colliculus generates 
a response to stimulus A, while a later B-
response, determined elsewhere, bypasses 
the deeper layers and converges with the 
i4-signal downstream of the SC (see Intro­
duction). One would expect then, that the 
cell's response would be independent of ac­
tual saccade direction and amplitude. 
To explore this and other possibilities of 
partial SC involvement, we have plotted 
the mean firing rate of a different move­
ment cell (monkey L12, cell 123903) as a 
function of double-step saccade amplitude 
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F i g u r e 3: F i r i n g r a t e a n d double-s tep saccade d y n a m i c s . 
A) Difference between measured firing rate in double-step trials and predicted firing rate based 
on the single-target V-saccade movement field, AF, as a function of normalized saccade direc­
tion, Флг- Same cell as in Fig. 2B. Saccade direction is normalized such that Фг =0 for perfect 
averaging [saccade to (A + B)/2], Флт^ + І for initial-angle responses (to A) and Флг=-1 for 
final-angle responses (to B). Pooled data from 5 ΔΦ sequences; N=72. Note that initial- and 
final-angle double-step responses have almost normal firing rates (AF about 0), but that AF is 
clearly negative (less intense movement activity) during averaging responses. B) To obtain this 
figure, the amplitude/maximum velocity relation for single-target V-saccades was obtained by 
first fitting an exponential function through the data, selected for directions within 15 deg from 
the movement field's optimal direction (Ф0р( = 171 deg): т а г = Vo · [1 - exp(-R/Ro)\, where 
V'o [deg/sec] and i?o [deg] are parameters. The relation has also been fitted to the double-step 
data shown in panel A. Actual V
maXiD of double-step saccades and predicted Vmax, taken as 
the corresponding single-target V-saccade value, are subtracted to yield the velocity residue, 
AV
max
. Note, that ΔΚηα* < 0 for averaging réponses, which means that these saccades are 
slower than single-target V'-saccades of the same amplitude. Initial- and final-angle responses 
appear to have normal velocities. C) Residue of mean firing rate, AF, plotted as a function of 
the velocity residue, ΔΙ7™*. The correlation coefficient, 7-=0.52, is significant (P < 0.001). 
in a AR experiment (see Fig. 2A). As 
can be seen in this figure, the cell's ac­
tivity is clearly modulated by saccade am­
plitude and follows roughly the same rela­
tion as the single-target V-saccade move­
ment field fit-function (solid line; correla­
tion coefficient between double-step d a t a 
and movement field fit function: r = 0 . 6 5 , 
7V=39, Ρ ^ 0.001). 
Fig. 2B shows the responses of a move­
ment cell from monkey L13 (unit 132704), 
in a Δ Φ experiment. The mean firing 
rate is clearly related to the direction of 
the double-step saccade but note that the 
d a t a points remain systematically below 
the movement-field curve fitted to single-
target V-saccade d a t a (see below). Never­
theless, the correlation coefficient between 
d a t a and fit-function is still highly signifi­
cant: r = 0 . 6 6 (JV=72; Ρ < 0.001). 
In all but two (12/14) cells tested in 
Δ Φ experiments, we have found a signif­
icant correlation between measured firing 
rate for double-step saccades and the pre­
dicted activity based on the single-target 
V-saccade movement field (0.50 < r < 
0.83). T h e two experiments t h a t did not 
yield a significant correlation contained 
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only initial or final angle responses so that 
the direction range was too limited for es­
tablishing a meaningful relation. The cor­
responding correlation coefficient for the 
AR double-step experiments was signifi­
cant in all four cells tested. 
As in the example discussed above, 
the activity associated with averaging re­
sponses was often observed to be lower 
than for a single-target V-saccade with 
comparable metrical properties, especially 
in ΔΦ-experiments (see e.g. Fig. 2B). 
This is further exemplified in Fig. ЗА, 
where we have plotted a measure of this 
difference (AF; see Methods) as a func­
tion of normalized saccade direction (Флг! 
for definition, see legend Fig. 3) for all 
double-step responses of the same cell as 
depicted in Fig. 2B. Note, that for both 
the initial (Флг=+1) and final direction 
(Флг=-1) responses, AF scatters around 
0 indicating that the cell's responses for 
these saccades approximate a comparable 
single-target V-saccade response. Averag­
ing saccades having intermediate normal­
ized directions, however, yielded negative 
A F values; the minimum is reached near 
$N=0 (perfect averaging). 
Since we had observed that the aver­
aging responses tended to be somewhat 
slower than single-target V-saccades and 
since recent evidence in the literature sug­
gests a correlation between the activity in 
collicular movement cells and saccade dy­
namics (e.g. Berthoz et al., 1986; Rohrer et 
al., 1986), we wondered whether the neg­
ative AF values and the slowness of av­
eraging saccades could be related. From 
plots of AV
maa
. (or AD, not shown) against 
Φ,ν, like in Fig. 3B, it appears that 
initial- and final-direction saccades have al­
most normal velocities {AV
max
 about 0), 
whereas the averaging responses are clearly 
slower. In Fig. 3C we have plotted firing 
rate residue AF against AV
max
 and found 
a significant correlation (7·=0.52; N=72\ 
Ρ < 0.001). A similar procedure has been 
applied to the residue of duration, AD. 
Also in this case, a highly significant cor­
relation was found (r=-0.64; not shown). 
This indicates that both the metrical (Fig. 
2B) as well as the dynamical properties 
(Fig. 3) of these double-step saccades are 
reflected in the behaviour of the movement 
cell under study. We obtained a significant 
correlation (0.35 < г < 0.72) between AF 
and AV
max
 in ΔΦ experiments on 9/14 
cells. In the remaining 5 ΔΦ experiments, 
the variations in AF and AV
max
 showed 
similar trends, but were not significantly 
correlated. Only in one AR experiment 
(cell 132106) the dynamical range of the 
responses was large enough for establish­
ing a meaningful relation. Also in this case 
the slower responses were associated with 
lower firing rates. However, in this case 
the dynamics of these AR double-step sac-
cades did not depend in a systematic way 
on the amount of averaging: most slow sac-
cades were observed for final-amplitude re­
sponses. 
4 Discussion 
The aim of this study was to investigate the 
involvement of the SC in the generation of 
saccade-averaging responses. We therefore 
evoked such responses by means of double-
step stimuli in the direction (ΔΦ) as well as 
the amplitude (ΔΑ) domain and recorded 
the activity of a number of collicular move­
ment cells in two monkeys. The activity 
of these cells has been compared quanti­
tatively with predictions based on single-
target V-saccade movement field data. 
Our results show clearly that collicu­
lar movement cells participate in averag­
ing during a double-step tracking task. In 
addition, the movement cell activity is re­
lated to the metrics of saccades in roughly 
the same way as in single-target V-saccade 
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trials in and around the cell's movement 
field (Fig. 2). 
Upon closer inspection it appears that 
the movement cell responses, associated 
with a double-step saccade, are often lower 
than expected from the single-targt V-
saccade movement field of the cell (Fig. 
2B). This effect was most pronounced in 
Δ Φ experiments and maximal in perfect 
averaging saccades (Флг=0; see Fig. ЗА). 
In ΔΦ experiments on 9/14 cells a signif­
icant correlation emerged between the dy­
namical properties of double-step saccades 
and the firing behaviour of movement cells 
(Fig. 3C). This trend was less obvious 
in the AR experiments where double-step 
saccades usually had normal dynamical 
characteristics. We will consider two pos­
sible ways to interpret our results: 
1) Complete involvement hypothesis. 
Our finding that collicular movement 
cells also participate in the generation of 
averaging saccades is in line with the idea 
that the motor colliculus is part of the 
final common pathway for all saccades. 
This appears to be true for single-target 
V-saccades (Wurtz and Goldberg, 1972; 
Schiller and Stryker, 1972), for saccades 
in a colour discrimination task (Ottes et 
al., 1987) and for a number of other be­
havioural paradigms (see Sparks, 1986, for 
a review). 
It is now known (see e.g. Smit et al., 
1987) that non-visually evoked saccades 
are generally slower than purely visually-
elicted saccades. If a pure averaging 
saccade may be regarded as non-visually 
guided, it is perhaps not too surprising 
that these saccades can also be slower than 
V-saccades of the same amplitude. The 
finding that in more than half of our Δ Φ 
experiments the activity of movement cells 
could be related to the dynamics of the 
ongoing saccade, is in line with recent re­
ports suggesting that the activity of collic­
ular movement cells has a correlation with 
saccade dynamics (Berthoz et al., 1986 and 
Muñoz and Guitton, 1987, in cat; Rohrer 
et al., 1986, in monkey). It has recently 
become known that inactivation of a small 
part of the population of movement cells 
also causes saccades to slow down appre-
ciably (Lee et a l , 1988). In a recent study 
we have reported that collicular electrical 
stimulation saccades, evoked at low current 
strengths are slower than single-target V-
saccades of the same metrical properties 
(Van Opstal and Van Gisbergen, 1989b). 
These findings all seem to indicate that the 
level of activity in the motor colliculus may 
affect the dynamics of saccades. 
Our double-step saccade findings only 
support the complete-involvement hypoth-
esis (Introduction) if it is assumed, in line 
with the ideas sketched above, that the col-
liculus encodes both the metrical and the 
dynamical properties of saccades. On the 
basis of the present data it is not possible 
to go further and to distinguish between 
an intracollicular mechanism, e.g. such as 
proposed by Van Opstal and Van Gisber-
gen (1989a), explaining saccade averaging 
as the result of competition between the 
two single responses within the SC itself, 
and the preprogrammed decision hypoth-
esis (He and Kowler, 1987) which entails 
that averaging responses are determined 
upstream of the motor colliculus. 
2) Partial involvement hypothesis. 
Since it was frequently found in this 
study that movement cell activity, associ-
ated with double-step saccadic responses, 
was not exactly the same as for single-
target V-saccades, the hypothesis that the 
motor colliculus is only partially involved in 
the generation of these eye movements (see 
Introduction) cannot be ruled out. Possi-
bly, there may be parallel signals that con-
verge downstream of the motor colliculus. 
At present such a hypothesis is not ex-
plicit enough to be tested quantitatively. 
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An unresolved problem, for example, is to 
establish the extent to which the collicu-
lar and extracollicular signals contribute 
to the actual eye movement. Therefore, in 
our present opinion, the complete involve-
ment hypothesis seems the most parsimo-
nious explanation. 
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Summary and Conclusions 
When a primate wants to direct the line 
of sight towards a peripheral visual stimu-
lus, it will generate a voluntary rapid eye 
movement, known as a saccade. Many 
parts of the brain are known to be involved 
in the generation of saccadic eye move-
ments. The saccadic system therefore in-
volves cortical areas (e.g. area 17, parietal 
cortex, frontal eye fields), subcortical areas 
(e.g. substantia nigra, cerebellum), mid-
brain structures (e.g. superior colliculus) 
and the brainstem (e.g. paramedian pon-
tine reticular formation, oculomotoneuron 
nuclei). 
Two main neural pathways for saccade 
generation are known to exist: a cortical 
pathway carries signals from the retina, via 
the lateral geniculate nucleus in the tha-
lamus, to the primary visual cortex (area 
17). From here on, several saccade-related 
pathways diverge; the most important one 
involves the parietal cortex and the frontal 
eye fields. A second main pathway car-
ries signals directly from the retina to the 
superficial layers of the superior colliculus 
(SC), a major visuo-motor center in the 
midbrain. In the deeper layers of the SC 
signals from cortical as well as subcortical 
areas converge and they are therefore be-
lieved to be part of the final common path-
way for saccades. 
In this thesis three different approaches 
have been applied in order to investigate 
several properties of the saccadic system: 
First, in behavioural studies, performed 
with human subjects, we have treated the 
saccadic system mainly as a black box, 
the input-output relations of which have 
been investigated in different experimental 
paradigms. The results of these studies are 
presented in Chapters II and VI. 
As a second approach quantitative models 
of (part of) the saccadic system have been 
constructed which can be tested against 
behavioural and neurophysiological data. 
Such a method has been followed in Chap-
ters III, IV and V of this thesis. 
Finally, we have looked inside the system 
by recording and manipulating the activity 
of nerve cells involved in the generation of 
saccades. The results of such an electro-
physiological approach to the deeper layers 
of the monkey SC are presented in Chap-
ters VII and VIII. 
The reader undoubtedly has noted that all 
three approaches are generally combined in 
each of the chapters of this thesis. The 
classification given above merely indicates 
the most predominant approach for each 
chapter rather than being an absolute di-
vision. 
The organization of this thesis is the fol-
lowing: one moves from the outside of the 
system (on the behavioural level, see Chap-
ter IT), via the oculomotor plant (the eye-
ball/eyemuscle system) and the properties 
of oculomotoneurons (see Chapter III), in-
wards up to the level of the deeper layers 
of the SC (see Chapters IV - VIII). 
In what follows, a short summary of 
each chapter is presented, together with 
the most important conclusions. 
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Chapter II 
In Chapter II we have investigated, in 
8 human subjects, the shape of the sac-
cadic velocity profile, characterized by its 
skewness, S, for visually-elicited saccades 
under normal and slow conditions (either 
caused by diazepam or by fatigue). The 
reason to undertake such a study was that 
the widely-used main sequence relations 
for saccades (relating saccade amplitude, 
R, to its duration, D and maximum ve-
locity, Vmax) cannot account for the dy-
namics of slow saccadic eye movements 
and therefore provide an incomplete de-
scription of saccade dynamics. From our 
study it appeared that skewness of the sac-
cadic velocity profile has a rather typical, 
straight-line, relationship with saccade du-
rahon. We have shown that the relation 
between skewness and saccade amplitude is 
less tight. The S-D relation is the same for 
normal as well as slow saccades and has led 
us to propose one succinct equation, incor-
porating 5, Vm(II and D, which is valid for 
both normal and slow saccades. We con-
clude that the S-D relation, not accounted 
for by current models of the saccadic sys-
tem, is the result of a nonhneamty in the 
saccadic system which probably has a neu-
ral origin rather than a mechanical cause 
(by the oculomotor plant). 
Chapter III 
It has long been known that the inner-
vation signal of abducens oculomotoneu-
rons, associated with temporally directed 
saccades, has a pulse-step appearance. The 
pulse is a high-intensity, phasic burst which 
is needed to overcome the sluggishness of 
the overdamped oculomotor plant (the eye-
ball/eyemuscle system), whereas the step-
part of the innervation balances the pas-
sive Hooke forces of the spring-like eyemus-
cles, so that the eye can maintain its fi-
nal position. In recent years, several mod-
els of the oculomotor plant have been pro-
posed, ranging from a very simple, second-
order linear description, to rather compli-
cated, high-order and sometimes nonlinear, 
models. However, in these latter studies 
often a nonrealistic stylized pulse-step in-
nervation signal was used as input for the 
plant model, in order to simulate realis-
tic velocity profiles of saccades. One may 
wonder wether such realistic velocity pro-
files are still obtained when a more real-
istic pulse-step input signal is used, since 
the output of any model is not only de-
termined by the structure and parameter 
values of the model itself but, of course, 
also on the shape of input signal. More-
over, in more general models of the sac-
cadic system the second-order linear de-
scription for the oculomotor plant has re-
mained widely used. We therefore have 
wondered what the consequences of such a 
plant-model are when no a priori assump-
tions are made for its input signal. In the 
study presented in Chapter III we have ex-
plored the properties of the innervation sig-
nal by reconstructing this signal from real 
eye-movement data with a Fourier decon-
volution technique. It appeared that the 
overall characteristics of the reconstructed 
innervation signal are strikingly similar to 
the activity pattern of single neurons ob-
served in the abducens nucleus. Thus, pro-
vided a realistic input signal is assumed, 
the simple plant model can also yield re-
alistic eye velocity signals. In addition, 
we concluded that the second-order lin-
ear model necessitates an active braking 
signal of the antagonist muscle, near the 
end of the saccade, in order to explain the 
existence of short-duration saccades (i.e. 
shorter than the duration of the impulse 
response of the plant, which is about 30 
msec). 
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Chapter IV 
In Chapter IVVe describe a quantitative 
model of the deeper layers of the superior 
colliculus. In these layers movement cells 
are found, which are topographically or-
ganized in a so-called motor map of sac-
cades. The model explains how a large 
population of recruited neurons can rep-
resent the amplitude and direction of the 
ensuing saccade. In the model it is as-
sumed that each recruited movement cell 
yields a small contribution to the total sac-
cade, by generating a movement tendency 
the direction of which depends on the loca-
tion of the cell within the so-called motor 
map. The amplitude of a cell's contribu-
tion depends both on the cell's position in 
the deeper layers as well as on its firing 
rate. All cell contributions are added vec-
torially in the horizontal and vertical pre-
motor systems downstream. Simulations 
with this ensemble-coding model show that 
it can generate normometric saccades in 
all directions over a considerable amplitude 
range (up to 55 deg). In addition, it can ex-
plain the skewed shape of collicular move-
ment fields (i.e. the limited range of sac-
cade vectors for which a movement cell is 
recruited). However, since it is an over-
all linear model, it fails to account for two 
nonlinear phenomena that are known from 
electrical stimulation experiments. First, 
there appears to exist a graded, saturating, 
relation between electrically evoked sac-
cade amplitude and current strength (see 
also Chapter VII). The model, as described 
in this chapter, predicts a strongly increas-
ing relation that does not saturate. Sec-
ond, when two electrical stimuli are ap-
plied simultaneously, at different sites, the 
resulting saccade resembles a weighted av-
erage of the two single stimulation effects, 
where weighting factors are determined bv 
the relative current strengths of the two 
stimuli. The linear ensemble coding model, 
however, yields the linear vector sum of the 
two stimuli. 
Chapter V 
In Chapter V we propose a modified ver-
sion of the linear ensemble coding model 
that successfully deals with the nonlinear-
ities, briefly sketched above. It is assumed 
in this extended model that the nonlinear-
ities are caused by an mtracollicular mech-
anism, which influences the firing rate of 
each cell, dependent upon the total ac-
tivation in the deeper layers. It is pro-
posed that activation of a given collicu-
lar movement cell induces inhibition in all 
the other movement cells, the strength of 
which depends on the amount of activa-
tion. When electrical stimulation is ap-
plied to the deeper layers, we assume that 
a large group of cells is activated. The 
resulting population activity profile can 
then be described by local excitation and 
widespread inhibition. Furthermore, the 
movement cells in the model are nonlinear, 
because their input-output characteristic 
is described by one-sided rectification and 
saturation. Simulations with this model 
show that both nonlinearities, described 
above, can be explained. So far, however, 
the lateral-interaction scheme can only ac-
count for the metrical properties of sac-
cades. In this sense the model is still in-
complete since it cannot account for recent 
findings in the literature, also confirmed in 
Chapters VII and VIII of this thesis, which 
indicate that the population activity in the 
deeper layers of the 5C can also affect the 
dynamics of saccades. 
An alternative extension of the linear en-
semble coding model assumes that the 
nonlinearities are caused by a mechanism 
downstream of the SC. One version of such 
a scheme, recently proposed in the liter-
ature in conceptual form, is the so-called 
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center-of-gravity model. In this model, the 
metrical properties of the saccade are de-
termined by the center-of-gravity of the 
population activity profile. 
In the three remaining chapters, some of 
the consequences of the above-mentioned 
ensemble-coding models have been investi-
gated. 
Chapter VI 
When saccades are elicited by a visual 
stimulus in repeated identical trials, sac-
cade end-points exhibit a certain amount 
of variation. It appears that saccade am-
plitude scatter is more pronounced than di-
rection scatter, suggesting a polar coordi-
nate organization of saccade metrics. We 
have wondered whether this phenomenon 
perhaps reflects properties of the collicu-
lar motor map. We have therefore elicited 
saccades to fixed target positions in four 
human subjects and found (1) that, for all 
target positions tested, amplitude scatter 
exceeds direction scatter, (2) that ampli-
tude scatter as well as direction scatter in-
crease roughly linearly with target eccen-
tricity and (3) that the ratio of amplitude 
scatter and direction scatter (the scatter 
ratio) is almost independent of target po-
sition (1.9 ± 0.4, averaged for all subjects). 
We have interpreted our data in terms 
of the linear ensemble-coding scheme, de-
scribed above, by allowing noisy varia-
tions in the afferent mapping stage. We 
have proposed, in the slightly extended 
ensemble-coding model, that this noise can 
have two origins: First, when it is assumed 
that sacade-endpoint scatter is entirely due 
to scatter in the location of the collicu-
lar population activity profile, the result 
that the scatter ratio exceeds 1.0 is caused 
by the amount of amsotropy in the collic-
ular motor map, which would entail that 
the collicular magnification factors for di-
rection and amplitude, respectively, would 
have a ratio of 1.9 to 1.0 in the human. The 
linear increase in the amount of both am-
plitude and direction scatter can then be 
explained by the nonhomogeneous nature 
of the motor map, which implies that more 
space in the motor map is devoted to the 
generation of small saccades than to the 
generation of large saccades. Seond, when 
it is assumed that the firing rates of the 
cells in the population are simultaneously 
subject to noise, the linear ensemble coding 
scheme predicts only variation in saccade 
amplitudes (see above). This so-called rate 
hypothesis implies independent control of 
saccade amplitude and direction. Varia-
tion analysis of our data indicates that this 
may indeed be the case. The rate hypoth-
esis does not provide an explanation for 
the data in terms of the centre-of-gravity 
model, since in this scheme saccade ampli-
tude is independent of the amount of ac-
tivation. We conclude that our data are 
compatible with the extended version of 
the linear ensemble-coding model if both 
types of noise are simultaneously present, 
but we cannot exclude the possibility that 
(part of) the noise source is located down-
stream of the motor colliculus. 
Chapter VII 
In Chapter Vllvre have described the re-
sults of electrical stimulation experiments 
and movement field recordings in the mon-
key colliculus. The main objective of this 
study was to investigate a possible relation 
between electrically-elicited saccade ampli-
tude and current strength (see Chapter V). 
At practically all stimulation sites tested 
we found a graded, saturating and invari-
ant relation between these two parameters. 
The existence of such a relation cannot 
be readily explained by a center-of-gravity 
scheme, but is, at least in principle, in 
line with predictions made by the lateral-
interaction model. 
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No relation exists between current strength 
and evoked saccade direction, which is in 
agreement with the idea, mentioned above, 
that saccade amplitude and direction may 
be controlled independently. We have also 
compared the metrics of electrically-evoked 
saccades (.Ε-saccades) with the properties 
of movement fields of cells nearby the stim­
ulating electrode. We found that, at suffi­
ciently high current intensities (> 20μΑ), 
.Ε-saccades are directed at the center of 
a nearby cell's movement field. Electri­
cal stimulation near the collicular verti­
cal meridian representation confirms two 
predictions, made by all three ensemble-
coding models (see above), (1) that evoked 
saccade direction is tilted with respect to 
the purely vertical direction and (2) that 
this effect increases with current intensity. 
Repeated electrical stimulation at a fixed 
current strength yields variation of saccade 
vectors. It appeared from our study that 
the scatter properties of these .E-saccades 
are roughly comparable to the variation 
observed in the scatter paradigm of Chap­
ter VI. We conclude that the most likely 
location of the noise source is at the level 
of the motor colliculus, or downstream, but 
that the noise is almost certainly not a 
property of the visual system. Finally, we 
have compared the dynamical properties 
of ^-saccades to the dynamics of visually-
elicited saccades (V-saccades) of the same 
amplitude and direction. In 22/37 cases we 
found that .Ε-saccades, evoked at low cur­
rent strengths are consistently slower than 
comparable V-saccades. At higher current 
strengths .Ε-saccade dynamics appear to 
be normal. These findings are in line with 
recent findings in the literature which indi­
cate that the colliculus can influence sac-
cade dynamics, if it is assumed that the 
population activity profile, induced at low 
intensities, is less vigorous than at higher 
current strengths. 
Chapter VIII 
In the last chapter of this thesis we have 
investigated the role of the motor collicu­
lus in the generation of averaging saccades 
that can be observed when a visual stim­
ulus rapidly jumps twice, before the eye 
starts to respond. In this case the metrics 
of the saccade resemble a weighted aver­
age of the two single-target positions. Two 
possible hypotheses have been investigated 
in this study: The first hypothesis has 
been named the complete involvement hy­
pothesis and implies that the activity of 
a collicular movement cell responds in the 
same manner to an averaging saccade as 
it does to a comparable saccade elicited 
by a single visual target (single-target V-
saccade). Alternatively, the partially in­
volvement hypothesis entails that the col­
licular response to an averaging saccades 
differs from the response to a single-target 
V-saccade. Our results indicate that the 
movement-cell responses associated with 
averaging saccades follow roughly the same 
relation between firing rate and saccade 
metrics as the cell's responses for single-
target F-saccades. However, under cer­
tain conditions, the responses to averag­
ing saccades appeared to be less vigor­
ous compared to single-target V-saccades. 
In most of these cases the averaging sac-
cades were also slower, suggesting a rela­
tion between a cell's firing rate and sac-
cade dynamics. Our data support the 
complete-involvement hypothesis if we as­
sume, in line with recent findings in the 
literature and with our electrical stimu­
lation results (see above), that the mo­
tor colliculus determines both saccade met­
rics and saccade dynamics. However, the 
fact that the cell's responses for averag­
ing saccades are not identical to those of 
single-target V-saccades still leaves some 
room for the partially-involvement hypoth­
esis. However, at present it is difficult to 
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see how such a hypothesis can be formu-
lated in an explicit model. 
Samenvatting en Conclusies 
Als een primaat zijn kijkrichting wil ver-
anderen met het doel om een perifeer ge-
detekteerde visuele stimulus te fixeren, zal 
hij een snelle oogbeweging, ook wel saccade 
genoemd, genereren. Het is bekend dat een 
groot aantal gebieden in de hersenen be-
trokken is bij de generatie van saccadische 
oogbewegingen. Zo omvat het saccadisch 
systeem corticale gebieden (zoals de pri-
maire visuele cortex, de parietale cortex en 
het zogn. frontale blikcentrum), subcorti-
cale gebieden (bv. de substantia nigra pars 
reticulata en het cerebellum), gebieden in 
de middenhersenen (met als belangrijkste 
kern voor saccades de colliculus superior, 
CS) en de hersenstam (met o.a. de ocu-
lomotoneuron kernen en de reticulaire for-
matie). 
Er zijn twee belangrijke routes bekend 
waarlangs signalen het hersenstam circuit 
(de uiteindelijke output van het saccadisch 
systeem) kunnen bereiken: een corticale 
baan stuurt signalen vanaf de retina, via 
het corpus geniculatum laterale in de tha-
lamus, naar de visuele cortex (area 17). 
Van daar uit zijn verschillende zenuwbanen 
voor saccadische signalen bekend, waar-
bij de belangrijkste via de parietale cor-
tex en het frontale blikcentrum loopt. Een 
tweede hoofdroute stuurt signalen direct 
naar de oppervlakkige lagen van de CS (de 
zogn. visuele lagen). In de diepere, motor-
gerelateerde lagen van de CS komt een 
groot aantal signalen van verschillende ker-
nen (corticaal zowel als subcorticaal) sa-
men. Het wordt daarom algemeen veron-
dersteld dat de diepere lagen van de CS 
deel uitmaken van de uiteindelijke output-
baan van het saccadisch systeem, de zogn. 
'final common pathway'. 
In dit proefschrift zijn drie verschillende 
methoden toegepast om het saccadisch sys-
teem te onderzoeken: 
Ten eerste, in gedragsstudies met proefper-
sonen, werd het saccadisch systeem opge-
vat als een 'black box', waarvan de input-
output relaties met behulp van verschil-
lende experimentele paradigma's zijn on-
derzocht. Resultaten van een dergelijke 
aanpak zijn te vinden in de Hoofdstukken 
II en VI. 
Een tweede methode onderzoekt het sac-
cadisch systeem aan de hand van kwantita-
tieve modellen die een deel van het systeem 
beschrijven. Dergelijke modellen kunnen 
worden getest aan de hand van beschik-
bare experimentele data. Een dergelijke 
methode is gevolgd in de Hoofdstukken III, 
IV en V van dit proefschrift. 
Tenslotte kan men ook m het systeem zelf 
kijken door de aktiviteit van neuronen, in 
samenhang met saccades, te registreren, of, 
bv. door elektrische stimulatie, deze akti-
viteit juist te manipuleren. In de Hoofd-
stukken VII en VIII is deze electrofysiolo-
gische methode gevolgd. 
De oplettende lezer zal ongetwijfeld al heb-
ben opgemerkt dat in het algemeen in elk 
hoofdstuk alle drie de methoden in meer 
of mindere mate zijn vertegenwoordigd. 
De zojuist gegeven indeling geeft daarom 
slechts de meest belangrijke methode voor 
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elk hoofdstuk aan maar dient niet zo 
zwart/wit te worden geïnterpreteerd. 
Voor de indeling van dit proefschrift is 
gekozen voor de volgende opzet: Allereerst 
beginnen we met slechts naar de output van 
het systeem te kijken via een gedragsstu-
die (Hoofdstuk II). Vervolgens gaan we het 
syteem binnen, eerst nog door aan de pe-
riferie te blijven (het oogbol/oogspier sys-
teem en het gedrag van oculomotoneuro-
nen, beschreven in Hoofdstuk III); later 
(vanaf Hoofdstuk IV) wordt de sprong ge-
maakt naar de diepere lagen van de CS. 
In wat nu volgt, wordt een kort overzicht 
gegeven van elk hoofdstuk, samen met de 
belangrijkste konklusies die uit de betref-
fende studie getrokken zijn. 
Hoofdstuk II 
In Hoofdstuk His de vorm van het sacca-
disch snelheidssignaal by 8 proefpersonen 
onderzocht, voor visueel uitgelokte sacca-
des onder zowel normale als trage kon-
dities (dit laatste veroorzaakt door ver-
moeidheid of door Valium). We hebben 
daartoe de vorm gekarakteriseerd door de 
parameter scheefheid, S. De reden voor 
een dergelijke studie lag in het feit dat de 
veelgebruikte zogenaamde 'main-sequence' 
verbanden voor visueel uitgelokte saccades 
(deze beschrijven de relaties tussen saccade 
amplitude, Я, en duur, D en tussen R en 
maximum snelheid, V
max
 ) geen ruimte bie­
den voor de dynamika van trage saccades. 
De main-sequence beschrijving van de dy­
namika is dus niet kompleet. Uit onze 
study is gebleken dat er een typische, recht­
lijnige relatie bestaat tussen de vormpara-
meter 5 en de duur van de saccade en dat 
deze relatie sterker is dan tussen S en sac­
cade amplitude. De S-D relatie blijkt op 
te gaan voor zowel snelle als trage sacca­
des en heeft uiteindelijk geleid tot één be-
knopte relatie die zowel 5 als D als Vmax 
bevat. De S-D relatie, die het gevolg is van 
een alineariteit in het saccadisch systeem, 
kan niet zonder meer verklaard worden uit 
de eigenschappen van bestaande modellen 
voor saccade generatie. 
Hoofdstuk III 
Het is reeds lang bekend dat het sacca-
dische stuursignaal voor de laterale rectus 
oogspieren een puls-stap vorm heeft. De 
puls is een plotselinge, hoogfrekwente ver-
hoging van de aktiviteit van abducens ocu-
lomotoneuronen, nodig om de traagheid 
van het oogbol/oogspier systeem te over-
winnen bij de generatie van een snelle sac-
cade. Het stap signaal dient om het oog 
in de nieuw bereikte positie te houden, en 
weerstaat de terugdrijvende passieve veer-
krachten van de spieren. Gedurende de 
laatste jaren zijn verschillende modellen 
voorgesteld om het oogbol/oogspier sys-
teem (de 'plant' (Eng.) genoemd) te be-
schrijven. Deze modellen variëren van een 
eenvoudig tweede-orde lineair model tot 
meer ingewikkelde, hogere-orde en vaak 
alineaire modellen. In deze laatste mo-
dellen werd vaak een niet-realistisch ges-
tyleerd puls-stap signaal gebruikt om het 
model aan te sturen, met het doel om het 
totale systeem realistisch ogende snelheids-
signalen te laten simuleren. Aangezien de 
output van een model zowel door het aan-
stuursignaal als door de parameters en de 
struktuur van het model wordt bepaald 
kan men zich afvragen of dergelijke simu-
laties ook nog realistische oogsnelheidssig-
nalen opleveren als een meer realistisch in-
put signaal zou worden gebruikt. Boven-
dien werd in meer algemene modellen van 
het saccadisch systeem nog steeds veelvul-
dig gebruik gemaakt van een simpel zwaar-
gedempt tweede-orde lineair model om de 
plant te beschrijven. 
We vroegen ons daarom af wat de kon-
sekwenties van een dergelijk simpel plant 
model zouden zijn als niet al van tevo-
ren beperkingen zouden worden opgelegd 
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aan zijn input signaal. We hebben daar-
toe gebruik gemaakt van Fourier dekon-
volutie om, uitgaande van gemeten oog-
bewegingssignalen en de tweede-orde line-
aire beschrijving van de plant, een rekon-
struktie te maken van het input signaal. 
Uit deze studie, beschreven in Hoofdstuk 
III, bleek dat het gerekonstrueerde sig-
naal een duidelijke puls-stap struktuur had 
en opmerkelijk veel gelijkenis vertoonde 
met single-unit afleidingen in de abducens. 
Men kan hieruit konkluderen dat het niet 
nodig is om een ingewikkeld model voor de 
plant te kiezen om realistische oogbewegin-
gen te simuleren, mits men maar een rea-
listisch input signaal aanneemt. Uit onze 
simulaties bleek bovendien, dat het veelge-
bruikte tweede-orde model een rempuls van 
de antagonistische oogspier vereist, tegen 
het einde van de saccade, om kortdurende 
saccades te kunnen genereren (korter dan 
de de duur van de impuls responsie van de 
plant, ongeveer 30 msec). 
Hoofdstuk IV 
Hoofdstuk IV behandelt een kwantitatief 
model voor de diepere lagen van de CS, 
waar zogenaamde bewegingscellen worden 
aangetroffen. Het is bekend dat deze cel-
len een geordende motorkaart van sacca-
des representeren. Het model tracht te 
verklaren hoe een grote populatie van ge-
aktiveerde bewegingscellen de uiteindelijke 
amplitude en richting van de saccade kan 
representeren. In het model wordt aange-
nomen dat elke gerekruteerde bcwegingscel 
een kleine bijdrage levert aan de totale oog-
beweging. Daartoe genereert zo'n cel een 
bewegingstendens, waarvan de richting ex-
clusief bepaald wordt door zijn plaats in de 
diepere lagen. De grootte van de bijdrage 
hangt zowel van de plaats in de motor-
kaart af, als van de vuurfrekwentie van de 
cel. Alle celbijdragen worden tenslotte li-
neair gesommeerd in de horizontale en ver-
tikale premotor systemen. Simulaties met 
dit ensemble kodenngsmodel hebben aan-
getoond dat het doelgerichte saccades kan 
genereren in alle richtingen en van de juiste 
amplitude over een aanzienlijk excentrici-
teits bereik (tot 55 graden). Bovendien 
kan het de scheve vorm van de bewegings-
velden van deze cellen (dat is het bereik 
van saccade vektoren waarvoor een bewe-
gingscel aktief is) goed verklaren. Maar 
omdat het model als geheel lineair is, is 
het niet in staat om twee alineaire effekten 
te verklaren die bekend zijn uit elektrisch-
stimulatie experimenten. Ten eerste be-
staat er een saturerend verband tussen de 
amplitude van saccades en de toegediende 
stroomsterkte in de diepere lagen (zie ook 
Hoofdstuk VII). Het lineaire ensemble ko-
deringsmodel voorspelt een sterk stijgend 
verband dat geen saturatie vertoont. Ten 
tweede is het bekend dat als op twee plaat-
sen in de CS tegelijkertijd wordt gestimu-
leerd, de resulterende saccade een gewogen 
som is van de afzonderlijke stimulatie ef-
fekten. De relatieve stroomsterktes van de 
elektroden zijn hierbij weegfaktoren. Het 
lineaire model levert echter altijd de line-
aire vektorsom van de twee effekten op. 
Hoofdstuk V 
Om de zojuist genoemde alineaire effek-
ten binnen de kontekst van het ensemble 
koderingsmodel te kunnen verklaren is het 
nodig om een alineariteit aan het model 
toe te voegen. In Hoofdstuk V is onder-
zocht in hoeverre een mechanisme binnen 
de CS zelf, hiervoor zou kunnen zorgen. 
We hebben daartoe aangenomen dat akti-
vatie van een bewegingscel leidt tot inhi-
bitie van alle overige bewegingscellen, met 
een sterkte die afhangt van de opgelegde 
aktiviteit. Elektrisch stimuleren in de die-
pere lagen heeft in het model tot effekt, 
dat een groep cellen geëxciteerd wordt en 
dat de uiteindelijke populatie aktiviteit be-
schreven kan worden door lokale excitatie 
en globale inhibitie. De alineariteit in het 
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model is ondergebracht in het spikegene-
rerend mechanisme van de bewegingscel-
len: de vuurfrekwentie is alineair afhanke-
lijk van de totale membraanpotentiaal door 
éénzijdige gelijkrichting en saturatie. Uit 
simulaties met het model blijkt dat beide 
alineaire fenomenen in ieder geval kwalita-
tief kunnen worden begrepen. Tot nu toe 
kan het model alleen nog maar een verkla-
ring geven voor de metriek (grootte en rich-
ting) van de saccade. In deze zin is het 
model nog niet kompleet omdat recent is 
komen vast te staan dat aktiviteit in de 
diepere lagen ook invloed kan hebben op 
de dynamika (bv. maximum snelheid) van 
saccades. 
Een alternatieve uitbreiding van het line-
aire ensemble koderingsmodel neemt aan 
dat de alineariteit niet het gevolg is van 
een intracolliculair mechanisme, maar van 
een mechanisme dat nó de CS komt. In 
een specifieke versie van zo'n voorstel, het 
zogn. zwaartepuntsmodel wordt aangeno-
men dat de saccade metriek bepaald wordt 
uit het zwaartepunt van de aktieve popula-
tie. Ook dit model biedt nog geen ruimte 
voor de zojuist genoemde invloed van de 
CS op saccade dynamika. 
In de laatste drie hoofdstukken wordt, aan 
de hand van experimentele data, een aantal 
konsekwenties van bovengenoemde ensem-
ble koderingsmodellen nader onderzocht. 
Hoofdstuk VI 
Als saccades worden uitgelokt door een 
visuele stimulus die herhaaldelijk wordt 
aangeboden op een identieke positie, zul-
len de eindpunten van de saccades een ze-
kere variabiliteit vertonen. Het blijkt dat 
de amplitude variatie systematisch groter 
is dan de richtingsvariatie, wat leidt tot el-
liptische scatterwolken. Dit gegeven sugge-
reert een polaire kodering van de saccade 
metriek. We hebben ons afgevraagd of 
bovengenoemd fenomeen veroorzaakt zou 
kunnen zijn door bepaalde eigenschappen 
van de motorkaart in de CS. Daartoe 
hebben we bij 4 proefpersonen de sac-
cade eindpuntvariatie kwantitatief onder-
zocht en vonden konsistent dat (1) inder-
daad amplitudevariatie groter is dan rich-
tingsvariatie, (2) dat beide vormen van va-
riatie ruwweg lineair toenemen met sti-
mulus excentriciteit en (3) dat de verhou-
ding tussen de amplitude- en richtingsvari-
atie ongeveer konstant is voor alle geteste 
doelposities (gemiddelde 1.9 ± 0.4, voor 4 
proefpersonen). We hebben getracht deze 
data te verklaren binnen de kontekst van 
het lineaire ensemble koderingsmodel door 
aan te nemen dat er ruis is in de affe-
rente afbeelding (zie Hoofdstuk IV). Deze 
ruis kan twee gedaanten hebben: Als al-
leen de plaats van de aktieve populatie on-
derhevig is aan ruis is de elliptische scatter 
te verklaren door anisotropie van de mo-
torkaart. Deze beschrijft in hoeverre de 
colliculaire vergrotingsfaktoren voor rich-
ting en amplitude verschillen. In een iso-
trope motorkaart is hun verhouding 1:1; 
uit de data zou volgen dat deze bij de 
mens 1.9:1 zou zijn. Het feit dat de motor-
kaart bovendien mhomogeen is (dwz. meer 
ruimte in de motorkaart is besteed aan de 
representatie van kleine saccades dan aan 
grote saccades), verklaart de lineaire rela-
tie tussen excentriciteit en absolute scatter 
in de eindpunten. Als echter wordt aan-
genomen, in het tweede geval, dat alleen 
de vuurfrekwenhes van de bewegingscellen 
simultaan aan ruis onderhevig zijn, voor-
spelt het model dat alleen de amplitudes 
van saccades zullen variëren (zie boven). 
Volgens deze hypothese zullen saccade am-
plitude en richting dus onafhankelijk van 
elkaar variëren. Hiervoor zijn inderdaad 
aanwijzingen gevonden. In Hoofdstuk VI 
wordt beargumenteerd dat een kombina-
tie van beide vormen van ruis volgens het 
lineaire ensemble koderingsmodel de data 
het best kan beschrijven. In het zwaarte-
158 Samenvatting 
puntsmodel zal ruis in de populatieaktivi-
teit geen effekt hebben op saccade amp-
litudes, omdat in dat model de amplitude 
onafhankelijk is van de hoeveelheid aktivi-
teit. 
Hoofdstuk VII 
In Hoofdstuk VII zijn de resultaten be-
schreven van elektrisch stimulatie experi-
menten in de motor colliculus van de aap. 
De door een elektrische stimulus opgewekte 
saccades (¿^-saccades) worden vergeleken 
met het bewegingsveld van cellen vlak-
bij de stimulatie elektrode. Dit veld is 
kwantitatief bepaald door het bemeten van 
visueel uitgelokte saccades (V-saccades). 
Het belangrijkste doel van de experimen-
ten was om de relatie tussen stroomsterkte 
en saccade metriek te onderzoeken (zie ook 
Hoofdstuk V). In bijna alle gevallen werd 
een geleidelijk oplopende, saturerende en 
invariante relatie gevonden tussen stroom-
sterkte en saccade amplitude. De rich-
ting van de .Ε-saccades was niet afhanke­
lijk van stroomsterkte. Het bestaan van 
een dergelijke relatie wordt voorspeld door 
het laterale interaktie model van Hoofdstuk 
V. Het bovengenoemde zwaartepuntsmo­
del voorziet niet in een dergelijke relatie. 
Deze data suggereren bovendien dat amp­
litude en richting onafhankelijk van elkaar 
kunnen worden gemanipuleerd. Dit was 
ook al gesuggereerd door de experimenten 
van Hoofdstuk VI. 
We hebben bovendien aangetoond dat bij 
voldoende hoge stroomsterkte (dwz. > 
20μ), de metriek van de .Ε-saccade en het 
centrum van een lokaal bewegingsveld zeer 
goed met elkaar overeenkomen. De resul­
taten van stimulatie in de nabijheid van 
de vertikale meridiaanrepresentatie komen 
op twee punten verrassend goed overeen 
met voorspellingen van alle drie bovenge­
noemde ensemble koderingsmodellen: (1) 
de richting van de .Ε-saccades wijkt onge­
veer 15 graden van de puur vertikale rich­
ting af en (2) dit effekt neemt toe met 
stroomsterkte. 
Herhaald stimuleren met konstante stimu­
latieparameters blijkt saccade vektor varia­
ties op te leveren die veel lijken op de resul­
taten beschreven in Hoofdstuk VI. We kon-
kluderen hieruit dat de ruis die ten grond­
slag ligt aan de saccade metriekvariaties 
gegenereerd wordt in of na de colliculus, 
maar niet daarvoor. Tenslotte hebben we 
de dynamische eigenschappen van E- en V-
saccades met elkaar vergleken. In 22 van 
de 37 experimenten bleek dat F-saccades 
bij lage stroomsterktes systematisch tra­
ger zijn dan V-saccades van dezelfde am­
plitude en richting. Voor hogere stroom­
sterktes zijn de dynamische eigenschappen 
meestal vergelijkbaar. Deze data komen 
overeen met recent gepubliceerde gegevens 
in de literatuur, die aantonen dat de mo­
tor colliculus invloed heeft op de dynamika 
van de saccade, als wordt aangenomen dat 
bij lagere stroomsterkte de populatie akti-
viteit in de motor colliculus minder hevig 
is dan bij hogere stroomsterkte. 
Hoofdstuk VIII 
In het laatste hoofdstuk van dit proef­
schrift is onderzocht hoe bewegingscellen 
in de motor colliculus zich gedragen tijdens 
de generatie van middelingssaccades. Deze 
kunnen bv. worden uitgelokt door een vi­
suele stimulus, nog vóór dat een saccade 
wordt gemaakt, plotseling naar een andere 
positie te laten verspringen. De saccade-
metriek lijkt dan op een gewogen gemid-
delde positie van de twee afzonderlijke sti-
mulusposities. In deze studie zijn twee mo-
gelijke hypothesen nader onderzocht: de 
eerste hypothese neemt aan dat de col-
liculus volledig is betrokken bij de gene-
ratie van middelingssaccades. Dit houdt 
in dat de aktiviteit van een bewegingscel 
tijdens zo'n saccade ononderscheidbaar is 
van een V-saccade responsie naar een en-
keldoel met dezelfde richting en excentri-
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citeit. Een alternatieve hypothese voor-
spelt partiële betrokkenheid van de colli-
culus. In dit geval zal de cel bij midde-
ling anders reageren dan voor een vergelijk-
bare V-saccade. Onze experimenten tonen 
aan dat de bewegingscelresponsies bij mid-
deling ongeveer dezelfde relatie volgen als 
V-saccaderesponsies bemeten voor enkel-
doelen. In sommige gevallen echter, bleek 
dat de aktiviteit tijdens middeling wat la-
ger weis dan voor een V-saccade. Nadere 
analyse toonde aan dat in de meeste geval-
len de middelingssaccades ook trager wa-
ren. Het bleek dat de maximum snelheid 
van de saccade en de vuurfrekwentie van de 
cel in die gevallen positief met elkaar korre-
leerden. Als we aannemen dat de colliculus 
behalve saccade metriek ook de dynamika 
van de saccade mede bepaalt, komen onze 
data overeen met de volledige betrokken-
heid hypothese. Aangezien echter de res-
ponsies bij middeling niet altijd identiek 
waren aan de V-saccade responsies, is er 
nog steeds ruimte voor de partiële betrok-
kenheid hypothese. Deze hypothese is op 
dit moment echter nog niet expliciet ge-
noeg om in een kwantitatief model te kun-
nen worden vervat. 
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Stellingen 
behorende bij het proetschnft 
AN EXPERIMENTAL AND THEORETICAL ANALYSIS 
OF THE PRIMATE SACCADIC SYSTEM 
1. De karaktensering van motoneuronaktiviteit als funktie van oogpositie, oogsnelheid 
en oogversnelling is in etnjd met de eenvoudige principes van oorzaak en gevolg Het 
alternatief om de kmematika van het oog voor te stellen als funktie van de aktiviteit van 
éen enkel motoneuron is evenwel met minder misleidend. 
Hoofdstuk III. 
2. De m de literatuur veelgebruikte karaktensenng van saccadedynamika d.m.v. de z.g. 
"main sequence" biedt geen ruimte voor langzame oogbewegingen. Door de scheefheid 
van het snelheidssignaal in de beschnjvmg mee te nemen kunnen zowel langzame als 
snelle saccades op een konsistente wijze worden gekaraktenseerd. 
Hoofdstuk II. 
3 . Uitgaande van de hypothese dat de efferente verbindingssterkte van supenor 
colliculusneuronen met het oculomotorsysteem sterk niet-hneair afhangt van de plaats 
van het neuron in de colliculuskaart, is het voor ensemblekodenngsmodellen van de 
colhculus van belang om te specificeren of de bepaling van een door dubbelstimulatie 
opgewekte middelmgssaccade in de colhculus zélf of erná plaatsvindt. 
Hoofdstukken IV en V. 
4. De waargenomen variabiliteit in de metriek van saccades is eerder een eigenschap 
van het oculomotor systeem dan van het visuele systeem. 
Hoofdstukken VI en VII. 
5. Het "zwaartepuntemodel" voor de rol van de colhculus bij de bepaling van de 
saccademetnek verklaart niet dat de saccade-amplitude afhangt van stroomsterkte. 
Hoofdstuk VII. 
6. De m dit proefechnft beschreven signifikante korrelatie tussen bewegingscelaktiviteit 
m de colhculus en saccadedynaimka, alsook de relatie tussen stroomsterkte en 
saccadedynamika, maken het aannemelijk dat de motor^olliculus met alleen de metnek 
van saccades bepaalt maar tevens de dynamika ervan beïnvloedt 
Hoofdstukken VII en VIII 
7. De vorm van de populatie-aktiviteit van bewegingecellen m het frontale bhkcentrum, 
alsmede de topografie van aldaar gerepresenteerde saccadevcktoren, komen sterk 
overeen met de organisatie van de motorkaart van de superior colhculus 
CJ Bruce en ME Goldberg 
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8 In het recent gepubliceerde S-dimensionale model voor saccadegeneratie worden snelle 
oogbewegingen voorgesteld als rotaties nm een vaste as t o ν het hoofd Onder de 
additionele aanname dat burstcellen instantane koeksnelketd van het oog köderen, is het 
nodig om door niet-lmeaire integratie (bv gebaseerd op multiplikatieve terugkoppeling) 
de instantane oogpositie te berekenen Het is echter geenszins triviaal wat het etfekt is 
van deze niet-lmeaire integrator op de oogversneihngskomponent in de burstcelaktiviteit. 
D Tweed en Τ Vilis 
J Neurophystol 58, 832-49, 1987 
9. Het gebruik van steeds meer geavanceerde tekstverwerkers bij de voorbereiding van 
proefschriften leidt tot de paradoxale situatie dat de tijd die wordt besteed aan lay-out 
aktiviteiten eerder toe- dan afneemt Dit is een gevolg van een meer dan lineaire 
toename van het aantal keuzemogelijkheden waardoor elke eventueel geboekte tijdwinst 
weer tenietgedaan wordt 
10. Wervingsadvertenties voor AIO's vertonen meer en meer het karakter van een 
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